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Bifidobacteria-derived fermented dairy products constitute a significant portion of 
today’s emerging “functional food” sector due to their excellent physiological activity 
in infant digestion metabolism and nutrient utilization. However, bifidobacteria and 
other probiotics often grow poorly in milk. This study aimed to apply high intensity 
ultrasound at frequency 20 kHz as a novel method to stimulate the growth of four 
bifidobacteria (i.e. Bifidobacterium animalis subsp. lactis BB-12, and B. longum BB-
46, B. breve ATCC 15700 and B. infantis) in milk and improve their corresponding 
fermentation processes.  
 
A comparison of fermentation time to reach pH 4.7 and the corresponding number of 
bacteria between fermented milk samples with and without ultrasound treatment of 
four different strains of Bifidobacterium was carried out. The results showed that 
ultrasonic processing at selected conditions could stimulate the fermentative activities 
of strain BB-12, B. breve,  B. infantis, and, but not for strain BB-46. Viabilities of the 
first three strains at the end of fermentation were comparable to the control. The study 
also revealed that the high-intensity ultrasound caused the disruption of bifidobacterial 
cells, but released intracellular enzyme -galactosidase which suggested promoting the 
hydrolysis of lactose and trans-galactosylation, and subsequently enhanced the growth 
of the remaining bacterial cells in inoculated-milk during fermentation. 
 
The effect of high intensity ultrasound (20 kHz) on carbohydrate metabolism in milk 
fermentation by the four Bifidobacterium was examined. After ultrasonication, lactose 
hydrolysis and trans-galactosylation reaction in all fermented milk were accelerated 
ix 
during milk fermentation. Lactose consumption of strain BB-46, strain BB-12, B. 
breve and B. infantis increased up to 2, 4, 3 and 2.5 times, respectively, in comparison 
with those found in control samples. This resulted in remarkable changes in acid 
profiles of the strains. The ultrasonication stimulated the production of major organic 
acids in later stage of the milk fermentation by BB-12, B. breve, and B. infantis while 
it decreased the ratio of acetic acid to lactic acid and the ratio of total of acetic and 
propionic acids to lactic acid in BB-12 and BB-46 samples, respectively. Significantly 
higher amounts of oligosaccharides with a degree of polymerization of three (OSdp3) 
in the sonicated products in comparison with those in the non-sonicated products were 
found.  
 
Using response surface methodology, the mathematical models have been developed to 
describe the effects of the ultrasonic processing conditions including ultrasound power 
and exposure time, and the number of added culture on the survival of bifidobacteria, 
the degree of lactose consumption, the ratio of viable cells in sonicated and non-
sonicated fermented milks, and the fermentation time. The fermentation time for each 
Bifidobacterium strain was subsequently minimized. Ultrasound has demonstrated its 
power in reducing fermentation time without causing any significant loss of viable cell 
count in the final fermented milk of strain BB-12, B. breve and B. infantis, for which 
the optimal fermentation time was 10.67, 12.83 and 12.87 h, respectively. For strain 
BB-46, ultrasound succeeded in the case of small initial inoculum load.  
 
The study continued to investigate the effects of this technique on vitamin B12. 
Compared with the amounts of vitamin B12 in the original milk medium, the four 
Bifidobacterium strains could bring the amounts of vitamin B12 up to 156.3 ± 6.3%  
x 
(strain BB-46), 127.6 ± 5.9 %   (strain BB-12), 140.2 ± 3.5% (B. breve), and 141.3 ± 
3.3% (B.infantis), respectively. Under the high-intensity ultrasound, strain BB-46, 
strain BB-12, B. breve and B. infantis further increased the vitamin B12 levels in their 
fermented milk by approximately 195.5 ± 3.6%, 157.2 ± 3.1%, 153.5 ± 2.1%, and 
159.8 ± 4.3%, respectively.  
 
In summary, the identification, quantification and optimization of high intensity 
ultrasound as a novel process to stimulate milk fermentation by bifidobacteria and to 
improve the nutritional values such as galacto-oligosaccharides and vitamin B12 in 
fermented milk are among the key contributions by this research work. 
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1.1. BACKGROUND  
 
1.1.1. Bifidobacteria in fermented milk  
 
Probiotics are nowadays emerging as functional foods due to many of their 
health benefits. Dairy products and specifically fermented milk are excellent products 
for delivering useful probiotic bacteria such as bifidobacteria by introducing them into 
the gastrointestinal tract. However, growth of the bifidobacteria and other probiotics in 
milk is often slow as compared to those lactic acid bacteria normally used in fermented 
milk products. Milk contains many essential nutrients; but, it lacks sufficient amino 
acids/ peptides to support proper growth of bifidobacteria whose low proteolytic 
activities. Moreover, bifidobacteria are less resistant to different environmental 
stresses. In particular, oxygen, acidic conditions, bile salt as well as osmotic, heat and 
cold stress have a major negative impact on bifidobacterial viability and, consequently, 
probiotic functionality. Therefore, it is desirable to stimulate the growth and 
fermentative activity of bifidobacteria in yogurt-like product processes (Champagne et 
al., 2005). Much research has been devoted to substances that can improve the milk 
fermentation of bifidobacteria (Akahoshi & Takahashi, 1998; Klaver et al., 1993; 
Martínez-Villaluenga & Gómez, 2007; Poch & Bezkorovainy, 1988; Shah & 
Lankaputhra, 1997; Shin et al., 2000; Terragno et al., 2008; Tzortzis et al., 2007). 
Among the widely used approaches to promote the development of bifidobacteria and 
Chapter 1 
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other probiotic strains are to add growth promoting factors such as a nitrogen source to 
milk or to control the amount of oxygen in fermented milk during manufacture and 
storage (Roy, 2005; Talwalkar and Kailasapathy, 2004b). Improving in packaging 
materials, encapsulation techniques, and combinations with prebiotics are also among 
the major technologies and strategies used in promoting the viability and stability of 
bifidobacteria. Alternatively, the growth of bifidobacteria during fermentation might 
be improved by using specific strains of Streptococcus thermophilus (Bezenger et al., 
2008). In this regard, the role of processing has not been focused and no new 
processing method has been introduced. 
 
1.1.2. Stimulating food fermentation by ultrasound 
 
Ultrasound is sound wave with a frequency greater than the upper limit of 
human hearing, which is approximately 20 kHz. In the food industry, ultrasound has a 
wide range of applications either in processing or evaluation of products (Figure 1.1). 
Generally, at high frequencies (i.e. MHz range) and low power, ultrasound can be used 
as an analytical tool, and at low frequencies (i.e. kHz range) and high power it can 
assist processing (Povey & Mason, 1998).  
 
Ultrasonication is generally associated with damage to cells due to cellular stress 
caused by cavitation. When bubbles produced collapse, the accompanying high 
pressures are thought to be responsible for cell disruption and leakage; the impact of 
the pressures on cell membrane disrupts its structure and causes the cell wall to break 
down (Povey and Mason, 1998). This results in releasing cellular content including 
useful components for fermentation such as secondary metabolites and enzymes. On 
Chapter 1 
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the other hand, there is increased evidence for beneficial effects of controlled 
sonication on conversions catalyzed by live cells, which can be enhanced via three 
mechanisms: releasing enzymes from the microbial cells without breaking down the 
cells; reducing the boundary layer around the cells and thereby increasing the mass 
transfer over the cell walls; or increasing enzyme activity as a result of the direct effect 
of ultrasound on the enzymes (i.e. making the enzymes more accessible to react) 
(Mason et al., 1996; Villamiel et al., 1999). Therefore, ultrasonic processing is capable 
of intensifying the performance of live biocatalysts and has recently been used as a 
stimulating method for some fermentation processes (Chisti, 2003). During production 
of ethanol by S. cerevisiae, intermittent sonication at 300Wm
-3
 and 25 kHz doubled the 
yield of ethanol (Schlafer et al., 2000). The study also showed that although cellular 
growth and ethanol production could persist at a higher intensity sonication (12kWm
-
3
), their rates became comparable with non-sonicated controls. Results from Chang 
(2005) showed that ultrasonic processing at 20 kHz could be used as an alternative 
method for aging alcoholic beverages. Ultrasound has also demonstrated its strength in 
the production of fermented milk products. A number of studies have shown that 
ultrasound improves the acidifying activity of lactobacilli, thereby reducing production 
time and, whilst accelerating lactose hydrolysis, thus inducing a sweetening effect in 
yoghurt without increasing the caloric content (Kreft & Jelen, 2000; Masuzawa & 
Ohdaira, 2002; Povey & Mason, 1998; Shimada et al., 2004; Toba, 1990; Wang & 
Sakakibara, 1997; Wu et al., 2000). 
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Table 1.1. High intensity ultrasound applications in the food industry (adopted from 
Patist & Bates (2008))  
 
Application Mechanism  Benefits 
Extraction  
 
Increased mass transfer 
of solvent, release of 
plant cell material 
(cavitational dislodgement) 
Increased extraction 
efficiency, yield in 





High shear micro-streaming  
 




Nucleation and modification 
of crystal formation 





Disturbance of the 
boundary layer 





components at pressure 
nodal points 

























Airborne pressure waves 
causing bubble collapse 
Increased production 
throughput, reduction 
or elimination of 
antifoam chemicals and 











Increased heat transfer and 
high shear. Direct 
cavitational damage to 
microbial cell membranes 
 
Enzyme inactivation 





Fermentation* Improved substrate transfer 
and stimulation of living 







Heat Transfer * 
 
Improved heat transfer 
through acoustic streaming 
and cavitation 
Acceleration of heating, 
cooling and drying of 
products at low 
temperature 
*
At time of publication the authors are not aware of any commercial scale installation of this 
application. 
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The property of being able to stimulate fermentation may make ultrasonic processing a 
novel method to enhance the growth of probiotics, especially bifidobacteria in milk, 
and improve the corresponding fermentation process. So far, research on the effect of 
ultrasound on milk fermentation by bifidobacteria has been neglected. Meanwhile, the 
mechanisms by which ultrasound speeds up milk fermentation and accelerates lactose 
hydrolysis appear to have multiple causes that remain to be elucidated fully. Besides, 
by activating or releasing more cellular enzymes and imparting stress on the cultures, 
ultrasound may also enhance the nutritional values of fermented milk. Bifidobacteria 
can produce prebiotic galacto-oligosaccharides (Amaretti et al., 2007; Barboza et al., 
2009; Hung and Lee, 1998) and synthesize the B group vitamins, particularly B12 
(Deguchi et al., 1985).  An investigation of the effects of ultrasound on prebiotics and 
vitamin B12 in bifido-fermented milk may reveal promising results. Overall, there is a 
need to fully understand the interaction between ultrasonic wave and fermented milk 
matrix of bifidobacteria in order to provide optimal conditions for the manufacturing 
of ultrasonic-probiotic fermented milk with high nutritional values.   
 
1.2.     OBJECTIVES  
 
This study aimed to utilize high-intensity ultrasound to produce bifidobacteria 
fermented milk. The research investigated the effects of high-intensity ultrasonic 
waves on bifidobacteria in the fermented milk matrix and to provide optimal 
conditions of ultrasonic processing for producing fermented milk with high viability of 
probiotics and better nutritional values, e.g. low in lactose and high in galacto-
oligosaccharides and vitamins B12, in shorter fermentation time.  
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The specific objectives of this research were as follows: 
 
1. To determine the impact of high-intensity ultrasound on the survival of 
bifidobacteria and their -galactosidase activity in milk (Chapter 3); 
 
2. To investigate the capacity of high-intensity ultrasound to stimulate 
fermentative activities of bifidobacteria in milk (Chapter 4);  
 
3. To study the effects of high-intensity ultrasound on carbohydrate metabolism 
of bifidobacteria during milk fermentation (Chapter 5); 
 
4. To identify the relationship between ultrasonic processing parameters and 
probiotic characteristics, and based on them, to optimize milk fermentation by 
bifidobacteria (Chapter 6); 
 
5. To examine the effect of high-intensity ultrasound on the nutritional values of 
fermented milk by bifidobacteria  in terms of galacto-oligosaccharides (Chapter 
4 & 5) and vitamin B12 (Chapter 7).  
 
1.3.     SIGNIFICANCE  
 
This research advanced the knowledge of the effects of high-intensity 
ultrasound on the milk matrix fermented by bifidobacteria. Results of the research 
include details of its application process in milk fermentation, which would be a good 
reference to the industry. The technology developed may also enhance the nutritional 
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values of milk fermented by bifidobacteria, particularly producing high levels of 
galactose-oligosaccharides and vitamin B12 naturally without adding any from external 
sources. The outcome of this study clearly demonstrated how useful high intensity 
ultrasound is in significantly improving milk fermentation, which includes shorter 









2.1. BIFIDOBACTERIA AND FERMENTED MILK 
 
2.1.1. Introduction to probiotics  
 
The word ‗probiotics‘ originated from the Greek word ‗for life‘ and this term 
was first used by Lilly and Stillwell (1965) to describe ―substances secreted by one 
microorganism which stimulated the growth of another‖. The definition of probiotics 
later on has been evolving over time. Parker (1974) proposed that probiotics are 
―organisms and substances which contribute to intestinal microbial balance‖. Fuller 
(1989) then modified the definition to ―a live microbial feed supplement which 
beneficially affects the host animal by improving its microbial balance‖. Lee et al., 
(1999) defined probiotics as ―viable bacterial cell preparation for foods containing 
viable bacterial culture or components of bacterial cells that have beneficial effects on 
the health of the host‖. Recently, viability and stability of the probiotics has been 
recognized as important factors for imparting their health benefits on the host. 
Therefore, FAO/WHO (2001) adopted to the current definition for this term: 
―Probiotics are live micro-organisms which when administered in adequate numbers 





Most bacteria with probiotic properties belong to the genera Lactobacillus and 
Bifidobacterium, which are common but non-dominant members of the indigenous 
micro-biota of the human gastro-intestinal (GI) tract (Sghir et al., 2000; Walter et al., 
2001). The primary metabolisms such as protein and carbohydrate of these probiotics 
are mostly the same as those of lactic acid bacteria (LAB), except for some particular 
characteristics mainly for Bifidobacterium.  
 
There are plenty of evidences for the positive effects of probiotics on human health. 
The beneficial effects of probiotics on the human gut flora include antagonistic effects 
and immune effects. The use of probiotic bacterial cultures stimulates the growth of 
preferred microorganisms, crowds out potentially harmful bacteria and reinforces the 
body's natural defense mechanisms (Dunne, 2001). Probiotics may cause cell-mediated 
immune responses, including activation of the reticulo-endothelial system, 
augmentation of cytokine pathways and stimulation of pro-inflammatory pathways 
such as tumour necrosis factors and interleukin regulation, without being a target of the 
host immune system (Gill et al., 2001; Isolauri et al., 2000). Probiotics may even 
activate macrophages directly (Tejada-Simon et al., 1999). It is also clear from human 
intervention studies that specifically selected probiotics may have a positive effect in 
reducing the risk of diseases associated with toxin, virus, heavy metal or pathogen 
intake (Salminen et al., 2010). Recently, they have been used for the treatment of 
various types of diarrhoea (Sarker et al., 2005 and Szymanski et al., 2005), urogenital 
infections (Reid, 2002; Reid et al., 2003), and gastrointestinal diseases such as Crohn's 
disease (Bousvaros et al., 2005) and pouchitis (Kuehbacher et al., 2006). By contrast, 




et al., 2005). Different probiotic strains have different properties in their health-
promoting effects. 
 
In the food industry, probiotics nowadays are considered as a hot topic in the 
development of ―functional food‖ products due to their benefits to human health. Many 
lactobacilli are used in functional foods. Besides, bifidobacteria are also popular due to 
their emergence as possibly one of the most important groups of intestinal organisms 
regarding human health (Champagne and Gardner, 2005). Dairy products appear to be 
the best vehicles for delivery of probiotics to humans because they already have a 
positive health image, and consumers are familiar with the fact that these products 
contain living microorganisms (Lourens- Hattingh and Viljoen, 2004). As a result, at 
the recent time, foods fortified with health-promoting probiotic bacteria are mainly 
produced using fresh milk or milk derivatives such as yogurt, cheese, ice-cream, 
desserts (Lavermicocca, 2006). It is estimated that there were 80 probiotic-containing 
commercial products globally in 2005. Some of the commercial yogurt products with 
probiotics are listed in Table 2.1.  
 
2.1.2. Bifidobacteria and their applications in milk fermentation 
As mentioned above, bifidobacteria are considered one of the most important 
probiotic organisms. Bifidobacteria are among the first colonisers of the sterile gastro-
intestinal tract of new-borns. They appear to be a key protective factor against enteric 
pathogens and stimulate the immune system such as antimicrobial and antimutagenic 
properties, anticarcinogenic activity, reduction in serum cholesterol, and improvement 





Table 2.1. Examples of the commercial yogurt products containing probiotic cultures 
(adopted from Champagne and Gardner (2005)) 
 
Examples of commercial 
products 
 




mainly as a probiotic 
adjunct culture 
 
Lunebest, Mil-Mil Streptococcus thermophilus
 
 







Lactococcus  lactis 
Lactobacillus, 
Bifidobacterium 
Biogarde, Aktifit S. thermophilus Lactobacillus, 
Bifidobacterium 
Progurt Lc. lactis Lactobacillus, 
Bifidobacterium 





Lb. delbrueckii ssp. bulgaricus 
Bifidobacterium 




Gaio, Praghurt S. thermophilus
 
 





Bifighurt, Yoke S. thermophilus
 
 Bifidobacterium 





Bifilact, Bifilus, Onaka, 
Procult, BBA 
 Bifidobacterium 
Pro Viva, Yakult, Prima 





Lb. delbrueckii ssp. bulgaricus 
Lactobacillus  casei 
DN-114001 
Activia  Bifidobacterium 
animalis DN 173 010 
 
 
2.1.2.1. Taxonomy of bifidobacteria 
 
According to the DSMZ (Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH, German Collection of Microorganisms and Cell Cultures) 




in the genus Bifidobacterium: B. adolescentis, B. angulatum, B. animalis, B. asteroides, 
B. bifidum, B. boum, B. breve, B. catenulatum, B. choerinum, B. coryneforme, B. 
cuniculi, B. dentium, B. gallicum, B. gallinarum, B. indicum, B. longum, B. magnum, B. 
merycicum, B. minimum, B. pseudocatenulatum, B. pseudolongum, B. 
psychraerophilum, B. pullorum, B. ruminantium, B. saeculare, B. scardovii, B. subtile, 
B. thermacidophilum, and B. thermophilum. Furthermore, two subspecies constitute 
the species B. animalis (subsp. animalis and lactis), B. pseudolongum (subsp. 
globosum and pseudolongum), and B. thermacidophilum (subsp. thermoacidophilum 
and porcinum), and the species B. longum is subdivided in three different biotypes 
(longum, infantis, and suis) (Margolles et al., 2009). Among them, 14 are isolated from 
human sources (i.e. dental caries, faeces and vagina), 12 from animal intestinal tracts 
or rumen, and three from honeybees (Shah & Lankaputhra, 2004). There are seven 
species which are presently used in the food industry, namely B. animalis subsp. 
animalis, B. animalis subsp. lactis, B. adolescentis, B.bifidum, B. breve, B. infantis and 
B. longum (Holzapfel, 2006).  
 
2.1.2.2. General characteristics of bifidobacteria 
 
Bifidobacteria are non-motile, non-spore forming, non-gas-producing, Gram-
positive, and high content of Guanine (G) and Cytosine (C) in DNA (55 to 67 mol%). 
Their morphology is generally referred to bifid or irregular V- or Y- shaped rods 
resembling branching. They are strictly anaerobic and catalase negative, with 




C and pH optima (for growth initiation) 
between 6.5 and 7.0. Bifidobacteria are nutritionally fastidious and require vitamins 




2.1.2.3. Carbohydrate metabolism 
 
The genus Bifidobacterium possesses a unique fructose-6-phosphate 
phosphoketolase pathway (F6PPK), which is often called the ‗bifid shunt‘, employed 
to ferment carbohydrates by bifidobacteria (Figure 2.1). Hexoses, such as glucose or 
fructose are metabolized via this pathway to produce acetate and lactate as the end 
products (Palframan et al., 2003). The bifidus pathway is advantageous as it allows for 
the production of more ATP as compared to hetero- and homofermentative pathways. 
From 1 mole of glucose, 2.5 moles of ATP are produced, together with 1.5 moles of 
acetate and 1 mole of lactate in bifidus pathway. In comparison, there are 2 moles and 
1 mole of ATP are produced in homo-fermentation and hetero-fermentation, 
respectively. In certain species of bifidobacteria, pyruvate is converted into formic acid 
and ethanol, thus producing 1 more ATP molecule (Palframan et al., 2003). Small 
quantities of succinic acid and CO2 are produced by some Bifidobacterium strains and 
during the degradation of gluconate, respectively (van der Meulen et al., 2006) 
 
Bifidobacteria can utilize a wide range of mono- and disaccharides including glucose, 
fructose, galactose, n-acetyl-glucosamine, n-acetyl-galactosamine, arabinose, xylose, 
ribose, sucrose, lactose, melibiose, gentobiose, maltose, isomaltose, and mannose 
(Rasic and Kurmann, 1983; Schell et al., 2002; Palframan et al., 2003). In the case of 
complex carbohydrates, the potential host-indigestible carbohydrates consumed by 
bifidobacteria include a wide range of non-starch polysaccharides (plant-derived 
dietary fiber such as arabinogalatans, arabinoxylans and gums), resistant starches and 
oligosaccharides (Salyers et al., 1977; Crociani et al., 1994). Recently, it has been 




to produce a prebiotic tailored towards specific Bifidobacterium strains at different 
levels and with different intensities (Amaretti et al., 2007; Barboza et al., 2009; Hung 
and Lee, 1998; Lamoureux et al., 2002; Roy et al., 2002). Bifidobacterium strains with 
trans-glycosylation β-galactosidase show their highest growth rate on the 
oligosaccharide mixture produced by their own enzymes (van der Broek et al., 2008). 
Infant-associated bifidobacterial phylotypes appear to have evolved the ability to 
ferment milk oligosaccharides, whereas adult-associated species utilize plant 
oligosaccharides, consistent with what they encounter in their respective environments 
(Sela et al., 2010).  
 
2.1.2.4. Protein metabolism 
 
Similar to lactic acid bacteria, probiotic cultures such as bifidobacteria are also 
characterized by their high demand for essential growth factors such as peptides and 
amino acids. But bifidobacteria generally contain low proteolytic activities (Booth et 
al., 1990; Wohlrab and Bockelmann, 1993; Bockelmann et al., 1996; Law and 
Hanndrikman, 1997). However, milk contains only 0.004% - 0.01% total free amino 
acids and small quantities of low molecular weight peptides. Moreover, although milk 
contains many essential nutrients, it lacks sufficient amino acids/ peptides to support 
proper growth of bifidobacteria. This imposes a major difficulty for the market 
expansion of fermented dairy products containing bifidobacteria due to their slow 
































* F6PPK pathway: Fructose-6-phosphate phosphoketolase pathway or bifid shunt. 





2.1.2.5. Applications of bifidobacteria in fermented milks 
 
Bifidobacteria are mainly marketed through dairy products such as fermented 
milk and milk powder infant formula. The first usage of bifidobacteria in food as 
‗Bifidus milk‘ was in Germany (Mayer, 1948). Thereafter, in 1970s as benefits of 
bifidobacteria became more pronounced products containing viable bifidobacteria 
began to emerge on a commercial basis. It was started by the Japanese (Ishibashi, 1993) 
which later expanded to Europe and now worldwide (Tamine et al. 1995). A number of 
fermented milk products employing bifidobacteria can be found in the market today. 
These products are known by different names in various parts of the world such as 
Bio-garde, Bioghurt, Bifidus milk, Bifighurt, Milmil and Progurt (Shah, 2004). 
 
 
Bifidobacteria commonly employed in fermented milk and yogurt products include B. 
bifidum, B. breve and B. longum. B. bifidum was commonly used by many yogurt 
manufacturers at the beginning, but this strain has been found to be poorly tolerant to 
levels of acid and bile that may be encountered in the gastrointestinal tract. Thus, B. 
longum was widely employed later for the manufacturing of fermented products due to 
their more acid tolerance. The recent trend towards products containing high viable 
counts of bifidobacteria is to replace B. longum with B. animalis. However, it should 
be noted that B. animalis being of animal origin may not survive and colonize well in 
the human intestine. It is also important to select the strains of bifidobacteria that may 
survive in fermented milks and yogurts during the projected shelf-life of the products. 
Table 2.2 shows commercial bifidobacteria used as probiotics currently. Commercially 
available probiotic cultures may consist of a single strain or a mixture of several strains 




highly concentrated frozen cultures or as freeze-dried cultures. Usually deep-frozen 









 (Oberman and Libudzisz, 1998) to guarantee the desired 
performance in commercial manufacturing of fermented milks (Lourens- Hattingh and 
Viljoen, 2004).   
Table 2.2.  Bifidobacterial cultures used as probiotic cultures 
(adopted from Vasiljevic & Shah (2008)) 
 
Species Strains 
B. adolescentis ATCC 15703, 94-BIM 
B. longum BB536 (Morinaga Milk Industry) 
B. longum SBT-2928 (Snow Brand Milk Products) 
B. breve Yakult 
B. bifidus Bb-11 
B. lactis (reclassified as B. animalis) BB-12 (Chr. Hansen) 
B. essensis Danone (Bioactivia) 
B. lactis Bb-02 
B. infantis Shirota 
B. infantis Immunitass 
B. infantis 744 
B. infantis 01 
B. laterosporus CRL 431 
B. lactis Lafti™, B94 (DSM) 
B. longum UCC 35624 (UCCork) 





Bifidobacteria are normally used in conjunction with yogurt starter cultures or other 
probiotics due to their slow growth in milk. However, interactions among cultures also 
need to be paid a special attention, as some combinations of strains may show mutually 
antagonistic inhibitory properties, e.g. through the production of hydrogen peroxide, 
bacteriocins or bacteriocin-like substances. Starter cultures (i.e. S. thermophilus and L. 
bulgaricus) are usually added for technological purposes such as faster acidification 
and better texture and flavor. This usually results in a slower growth of the 
bifidobacteria during fermentation (Dave and Shan, 1997a& b). Hydrogen peroxide 
and acids appear to be the main substances related to the antagonism of L. bulgaricus 
towards bifidobacteria. Moreover, starter cultures continue producing acids during 
storage, which results in a reduction in viable cells of bifidobacteria with low acid-
tolerance.  The inhibitory effect of starters on probiotics is considerable, and in 
commercial products, low levels of bifidobacteria are correlated to the addition of 
starters used for technological purposes. However, there also exists beneficial effects 
of starter cultures on probiotics in bio-yogurt. L. bulgaricus has high proteolytic 
activity and S. thermophilus acts as an oxygen scavenger. Therefore, starter cultures 
may provide beneficial effect on bifidobacteria. On this issue, cultures should be 
selected in consideration of being compatibility with probiotic strains.  L. acidophilus 
is combined with Bifidobacterium spp. to produce ―AB yogurt‖; L. acidophilus, 
Bifidobacterium spp. and L. casei are combined in ―ABC yogurt‖. Synergistic effects 
between L. acidophilus and B. bifidum have been known for quite some time (Kneifel 
et al., 1993). Fermented milk with only bifidobacteria could be manufactured; 
however, the longer incubation period and product flavour are the two main limitations 





2.1.2.6. Enhancing the viability and stability of bifidobacteria in fermented milk 
 
To obtain the desired therapeutic effects from probiotic yogurts or fermented 
milk, the International Standard of Federation Internationale de Laiterie/International 
Dairy Federation (FIL/IDF) requires 10
7
 CFU/g of L. acidophilus in products such as 
acidophilus milk and 10
6
 CFU/g of bifidobacteria in fermented milks containing 
bifidobacteria at the time of sale (IDF, 1992). However, incorporating probiotic 
bacteria into milk medium poses significant technological challenges, and can be 
difficult due to the various stresses imposed on the probiotic strains during 
fermentation processing until they reach the target site of the host (Figure 2.2). Apart 
from low proteolytic activities which result in poor growth in milk medium, 
bifidobacteria in particular are sensitive microorganisms with low survival upon 
exposure to stresses, e.g. acid and temperature stress and oxygen exposure, 
encountered during their production, storage and consumption (Bolduc et al., 2006; 
Champagne and Gardner, 2004; Donkor et al., 2006; Klaver et al., 1993; Lourens- 
Hattingh and Viljoen, 2001; Talwalkar and Kailasapathy, 2004a& b). Furthermore, 
incompatibility of bifidobacteria with the starter culture(s) used for milk fermentation 
may be a cause of further problems. Examples for survivals of bifidobacteria under 
food processing conditions are shown in Table 2.3. Besides, several surveys on 
commercial fermented milks have shown large fluctuations and poor viability of 
probiotic bacteria in commercial bio-yogurts at the time of consumption (Shah, 1995; 
Fasoli et al., 2003; Gueimonde et al., 2004). Shah et al. (1995) examined samples of 
five brands of commercial yoghurt. Three of the five products contained 10
7–108 g−1 
viable cells of L. acidophilus, whereas the other two products contained 10
5
 of this 
organism initially. Similarly, the initial count of B. bifidum was 10








Figure 2.2 Main factors affecting the viability of probiotics from production to the 
gastrointestinal tract (adopted from Lacroix and Yidirim (2007)) 
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Many fruit extracts cause loss 
of viable cells 
Vinderola et 
al. (2002) 
Addition of starter 
cultures 
Bifidobacteria Viable counts 1 log lower in 
mixed cultures 
Roy et al.  
(1995) 






B. infantis ATCC 
15697 





2- to 3-log decrease in the 
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treatments during a 30 days 
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five products, while the viable numbers of this organism were 10
3
 in the other three 
products. During storage, it was found considerably higher population decreases for 
Bifidobacterium bifidum (3.5 to 7 log units) and L. acidophilus (1.5 to 6 log units), 
identifying low levels of these probiotics in products. Gueimonde et al. (2004) 
evaluated survivals of probiotic lactobacilli and bifidobacteria in ten commercial 
fermented milks during refrigerated storage. Counts of lactobacilli and bifidobacteria 
decreased 0.75 to 1.85 log units and 0.17 to 1.10 log units, respectively. Only two per 
five fermented milks and four per seven fulfilled the requirements for lactobacilli and 
bifidobacteria, respectively. Therefore, special attention is required of the 
manufacturers in order to guarantee the viability and stability of probiotics to reach the 
requirement for adequate cell numbers of probiotic cultures in yogurts over their shelf-
life. There have been numerous studies aiming to improve cell viability and stability 
during fermentation, downstream processing, production, storage and eventually 
digestion in either culture manufacture or food production (Ross et al., 2005). In this 
section, the major technologies and strategies used in promoting the viability and 
stability of bifidobacteria in fermented milk are described.   
(a) Stress adaptation of probiotics 
The ability of microorganisms to adapt to adverse environments has been used 
in many strain development procedures to obtain strains capable of surviving 
unfavorable conditions. It is well known that exposing microorganisms to sub lethal or 
gradually increasing doses of stress can induce an adaptive cellular response that 
enables them to better resist lethal doses of stress. Acid adaptation of B. breve was 
found to enable cells to withstand environmental stresses such as acidic conditions, 




which includes bacterial responses to H2O2, is also considered to induce adaptive 
responses in anaerobes such as bifidobacteria. Ahn et al. (2001) were able to produce 
an oxygen tolerant mutant of B. longum by growing the cells under a microaerobic 
atmosphere. Talwalkar and Kailasapathy (2004b) developed a protocol to passage L. 
acidophilus and Bifidobacterium spp. through gradually increasing concentrations of 
dissolved oxygen in yogurt over a four-day period and confirmed their successful 
oxidative stress adaptation.  
(b) Micro-encapsulation for protection of bifidobacteria  
Microencapsulation, which provides the active core ingredient (e.g. living 
probiotic cells) with a physical barrier against adverse environmental conditions, is a 
technology finding increased application in the probiotic yogurt (Stanton et al., 2005). 
This method is applied almost exclusively to anaerobic-probiotic species, e.g. 
bifidobacteria. The common encapsulation technique is to immobilize bacterial cells in 
hydrocolloid beads which can be provided by extrusion or emulsion (Krasaekoopt et 
al., 2003). Another method is to use coating materials to cover bacterial cell pellets 
(Chan and Zhang, 2005). This new technique seems to bring more benefits in 
extending their storage life and for ease of use. Also, two-membrane-coated protein 
with an outside polysaccharide layer of normal encapsulated pellet protects probiotics 
better (Guerin et al., 2003). The success of miroencapsulation of probiotics depends 
primarily on the encapsulating materials, oxygen tolerance of the bifidobacterial strains, 
and technological properties of the strains such as heat resistance during drying 
process.  
Yet, despite promising results have been obtained on a lab-scale, several challenges 




permitted in yogurt and fermented milk in certain European countries (Lopez-Rubio et 
al., 2006).  
(c) Synbiotics  
A prebiotic is a non-digestible food ingredient that beneficially affects the host 
by stimulating growth and/or activity of certain bacterial components of the intestinal 
microflora while synbiotic describes a combination of prebiotic and probiotic 
(Martínez-Villaluenga and Gómez, 2007). The combination of probiotics and 
prebiotics in dairy products would result in a synergistic action which can contribute to 
the promotion of health. Moreover, the addition of an appropriate prebiotic may 
improve the survival and establishment of a probiotic organism by providing a readily 
available nutritional source that might not be used by competing organisms (Weese, 
2002). Akalin et al. (2004) showed higher counts of B. longum and B. animalis in 
yogurts containing fructo-oligosaccharide compared to yogurts without this prebiotic. 
In agreement, Martínez-Villaluenga and Gómez (2007) found that B. lactis Bb-12 had 
an enhanced growth and metabolic activity in the presence of a prebiotic as it 
possessed the enzymes required for utilizing the prebiotic – the raffinose family of 
oligosaccharides (RFOs) from lupins. Terragno et al. (2008) was successful in 
improving growth and survival of bifidobacteria using gum arabic. With similar 
observations, Ramchandran & Shah (2010) revealed that Raftiline HP
®
 (commercially 
available HP inulin) significantly improved the growth and proteolytic capabilities of B. 
longum. 
 
Synbiotic yogurt products are already marketed in Europe and Japan, e.g. Symbalance 




it is useful to have a standard method to evaluate the effect of prebiotics on probiotics 
in such products. Huebner et al. (2007) established a quantitative score to describe the 
extent to which prebiotics (e.g. fructooligosaccharides, inulin, and galacto-
oligosaccharides) stimulated selective growth of lactobacilli and bifidobacteria. 
Quantitative prebiotic activity scores that described the extent to which five prebiotics 
supported selective growth of five lactobacilli and five bifidobacteria were determined. 
The highest score was obtained for L. paracasei 1195 growing on inulin, while the 
lowest score was for B. bifidum NCI growing on galacto-oligosaccharides. This study 
provided a basis for the evaluation of combinations of probiotic and prebiotic 
ingredients for applications as synbiotics in dairy and other foods.  
 
(d) Addition of growth promoting substances 
 
A number of substances are known to improve the growth of probiotic or 
bifidobacteria in milk. Supplementation of milk with yeast extract, peptone, whey 
protein concentrate, casein hydrolysate, tryptone, whey protein and cysteine often 
stimulate the growth of bifidobacteria (Saxenane et al., 1994; Dave and Shan, 1997d). 
Stimulation of bifidobacterial growth can also be produced by enhancing the 
availability of simple sugars, mainly glucose and fructose, and minerals (Ahmed and 
Mital, 1990; Elli et al., 1999). However, in some cases, improving the stability of 
bifdobacteria by adding simple nitrogen and carbohydrate sources was not successful 
due to the low oxygen tolerance of these strains. Thus, adding antioxidants had been 
considered (Dave & Shah, 1997c). Akahoshi and Takahashi (1996) found that 
catechins with a dose of 100 – 2000 mg kg-1 in yogurt improved the survival of 




Lankaputhra (1998) added ruptured cells of yogurt bacteria to improve the viability 
and stability of B. longum 1941, B. pseudolongum 20099, B. infantis 1912, B. bifidum 
1900, B. bifidum 1901 and L. acidophilus in bio-yogurt by releasing the starters‘ 
intracellular -galactosidase and reducing the competitive effects between starters and 
probiotics.  
 
(e) Co-cultivation with other lactic acid bacteria 
 
As discussed above, starter cultures for yogurt production contain promoting 
effects on bifidobacteria. It has been shown that it is possible to produce fermented 
dairy products with excellent sensory properties and good survival of the bacteria by 
using starter and probiotic organisms together (Mattila-Sandholm, 2002). Ongol et al. 
(2007) reported that yogurt fermented using L. delbrueckii subsp. bulgaricus SBT0164 
No. 55-1 (mutant) starter culture with reduced membrane-bound H
+
-ATPase activity  
had markedly reduced post-acidification and maintained viability (≥ 108 CFU/ml) of 
both Bifidobacteruim breve JCM 1192
T
 and Bifidobacteruim breve JCM 7017 during 
storage at 10°C for 21 days. A most recent study showed an improvement on the 
growth of Bifidobacterium spp. during fermentation using specific strains of 
Streptococcus thermophilus (Bezenger et al., 2008).  
 
On the other hand, interactions in multispecies probiotics have been reported in many 
studies. The growth of B. longum in skim milk medium was found to be stimulated 
upon co-cultivation with certain strains of Lactococcus lactis ssp. lactis.  The viable 
count of B. longum was promoted to 5×10
8
 CFU/g when the pH was 4.4 to 4.6, and the 




and after two weeks storage at 10°C (Shimizu & Yaeshima, 2007). The authors 
revealed in another study that Bifidobacterium growth-stimulating activity was 
associated with its ability to grow in skim milk medium and the presence of a cell 
wall-anchored proteinase (PrtP) in Lc. lactis ssp. lactis (Yonezawa et al., 2010).  It has 
also been shown that multi-species of probiotics have advantages in functionality and 
efficacy when compared to mono-strain probiotic and to a lesser extent, multi-strain 
probiotics. Lamoureux et al. (2002) developed a process to use mixed cultures of B. 
animalis, B. bifidum, B. breve, B. infantis, and B. longum, which produced yogurts in 
which after 28 days of storage at 4-7
o
C the bifidobacteria could remain at >10
6
 CFU/g 
and the amount of oligosaccharides was at 0.67%. 
 
2.2. ULTRASOUND AS SOURCE OF ENERGY TO STIMULATE FOOD 
FERMENTATION 
 
2.2.1. Introduction to ultrasound 
 
 Ultrasound is defined as sound with a frequency greater than the upper limit of 
human hearing, with this limit being approximately 20 kHz. It can be divided into 
different frequency ranges (Figure 2.3). The first commercial application of ultrasound 
dates back to the early 20
th
 century when it was used for echo sounding to estimate the 
depth of water. This originated for the development of detection tools in materials and 
medical imaging (Mason, 1999). These analytical technologies use low power and very 
high frequencies (MHz range) and have no permanent effect on the physical or 
chemical properties of examined materials. Besides, ultrasound can be provided at 





Figure 2.3. Frequency ranges of ultrasound 
(from http://www.sonochemistry.info/research.html in October 2010) 
 
 
chemical changes in applied materials. As a result, there has been a rapid expansion in 
the application of power ultrasound to chemical systems, a subject which has become 
well-known as ―sonochemistry‖. In addition, ultrasound has also been employed in a 
large variety of processes in biotechnology, environmental technology, and food 
processing.  
 
The interaction of high-ntensity ultrasound with bulk liquid is accompanied by a quite 
unique phenomenon of cavitation that leads to an enormous concentration and 
conversion of the diffused sound energy (Mason, 1999). Ultrasound is propagated via a 
series of compression and rarefaction waves induced in the molecules of the applied 
medium. At sufficient intensity, the rarefaction cycle may exceed the attractive forces 
of the liquid molecules and cavitation bubbles will form. Such bubbles grow by a 
process known as rectified diffusion i.e. small amounts of vapour or gas from the 
medium enter the bubble during its expansion phase and are not fully expelled during 
the compression phase. The bubbles grow over the period of a few cycles to an 




classified into two types, non-inertial and inertial. Non-inertial cavitation bubbles 
oscillate about an equilibrium radius and often persist for many acoustic cycles. As a 
result of these oscillations, streaming of the surrounding liquid occurs and the 
corresponding mechanical stresses alter the media characteristics. Inertial cavities are 
gas bubbles that grow to near resonance size and may expand to a maximum before 
violently collapsing (Figure 2.4). Cavitation bubble collapse is a remarkable 
phenomenon induced throughout the liquid by the power of sound. In aqueous systems, 
at an ultrasonic frequency of 20 kHz each cavitation bubble collapse acts as a localised 
"hot spot" generating temperatures of about 4,000 K and pressures in excess of 1000 
atmospheres. In this case, water molecules can be broken generating highly reactive 
free radicals (H2O OH + H) which are capable of causing secondary oxidation and 




Figure 2.4. Generation of an acoustic bubble  






In a heterogeneous solid-liquid system the collapse of cavitation bubbles has 
significant mechanical effects. Unlike cavitation bubble collapse in the bulk liquid, 
collapse of a cavitation bubble on or near a surface is unsymmetrical because the 
surface provides resistance to liquid flow from that side. The result is an inrush of 
liquid predominantly from the side of the bubble remote from the surface resulting in a 
powerful liquid jet being formed, targeted at the surface. The effect is equivalent to 
high pressure jetting and is the reason for ultrasound being used for cleaning. This 
effect can also activate solid catalysts and increase mass and heat transfer to the 
surface by disruption of the interfacial boundary layers. In a heterogeneous powder-
liquid system, surface imperfections or trapped gas can act as the nuclei for cavitation 
bubble formation on the surface of a particle and subsequent surface collapse can then 
lead to shock waves which break the particle apart. Cavitation bubble collapse in the 
liquid phase near a particle can force it into rapid motion. Under these circumstances 
the general dispersive effect is accompanied by inter-particle collisions which can lead 
to erosion, surface cleaning and wetting of the particles and particle size reduction. 
 
Energy (in kWh L
−1
) and intensity (in W cm
−2
), along with the medium viscosity, 
surface tension, vapour pressure, nature and concentration of dissolved gas, presence 
of solid particles and temperature and pressure of the treatment, determine the extent 
of cavitation. Additionally, when liquid processing is intended to be scalable, 
ultrasonic density (W cm
−3
) should also be considered, so that it takes into account the 
extremely different acoustic streams and the corresponding different results in the new 





2.2.2. Application of Ultrasound in Food Technology 
 
Ultrasonics has been used in the food industry for many years for various 
purposes. The number of applications of high-frequency and low-intensity ultrasonics 
(1 – 10 MHz) in the food industry has greatly increased during the last decade. The 
main reason for this increase arises from the fact that ultrasonic technologies are non-
destructive, rapid, and easy to automate and the cost has been reduced due to the new 
electronic technologies (Benedito et al., 2002). The ultrasonic techniques have mainly 
been used to assess the concentration, structure, location and physical state of different 
components in food products: the measurement of thickness of pipes, chocolate layers, 
fat, lean tissues in meat, canned liquids and shell eggs; detection of contaminants such 
as pieces of metal, glass or wood in foods; measurement of flow rates through pipes 
(Hæggström and Luukkala, 2001;Yang et al., 2007); determination of food 
composition; and measurement of particle size distribution in dispersed systems (Gan 
et al., 2006; Saggin and Coupland, 2002). Recently, on-line ultrasonic techniques have 
also been used for monitoring alcoholic fermentations (Becker et al., 2001; Becker et 
al., 2002; Resa et al., 2004; and Lamberti, et al, 2009), dairy fermentations (Benedito 
et al., 2002; and Ogasawara et al., 2006) and dough fermentations (Elmehdi et al., 
2003). Resa et al. (2007) found a remarkable correlation between the ultrasonic 
velocity and the bacterial catabolism in the fermentation of several carbohydrates 
(glucose, galactose and lactose) during the growth of Lactobacillus casei in basal MRS 
media. The results showed a great potential of this non-invasive technique for 





While applications of high-frequency and low-power ultrasound has mainly been 
focused on diagnostic tools, the uses of low-frequency (20 – 100 kHz) and high-power 
ultrasound are gaining their strength in food processing (Knorr et al., 2004). There 
have been many food processes using ultrasound to enhance their efficiency (Table 
2.4). 
Table 2.4. Applications of power ultrasound in food processing  
(adopted from http://www.sonochemistry.info/food.html in October 2010) 
 
Mechanical Effects Chemical and Biochemical Effects 
Crystallisation of fats, sugars etc 
Degassing 
Destruction of foams 
Extraction of flavourings 
Filtration and drying 
Freezing 
Mixing and homogenisation 
Precipitation of airborne powders 
Tenderisation of meat 
Bactericidal action 
Effluent treatment 
Modification of growth of living cells 
Alteration of enzyme activity 
Sterilisation of equipment 
 
Ultrasound has been applied to degas liquid foods (Villamiel et al., 2000), to the 
induction of oxidation/reduction reactions (Roberts, 1993), to extraction of enzymes 
and proteins, and to enzyme inactivation (Thakur and Nelson, 1997, de-Gennaro et al., 
1999, Villamiel and de Jong, 2000a). Furthermore, heat, pressure and ultrasound 
combinations (manothermosonication) have been reported on inactivating heat 
resistant enzymes (Vercet et al., 1997). Also, a considerable amount of data exists 




conjunction with heat or with heat and moderate pressure (Villamiel and de Jong, 
2000b; Kagiya et al., 2006; Álvarez et al., 2006). Ultrasonic processing can also 
enhance any process that is dependent upon diffusion. Ultrasonication in food freezing 
not only can shorten the freezing process leading to products of better quality, but also 
can control crystal size distribution in the frozen product (Zheng and Sun, 2006). A 
system consisting of high-amplitude ultrasonic vibration in direct contact with food 
samples at low temperatures and together with vacuum, forced-air and static pressure, 
has been designed for food drying at pre-industrial stage by Fuente-Blanco (2006). 
García-Pérez (2006) also used ultrasound to dry foodstuff in a fluidized bed. 
Furthermore, ultrasound has been used to assist extraction (Albu et al., 2004; Behrend 
and Schbert, 2001), crystallization (de Castro and Priego-Capote, 2007; Bund and 
Pandit, 2007) as well as emulsification (Pongsawatmanit et al., 2006). Interestingly, 
low-energy ultrasound can be used to stimulate the activity of living cells and enzymes. 
There have been a number of reports on using ultrasound to increase the production of 
food products through the enhancement of efficiency of whole cells (Mason et al., 
1996). They included food fermentation, fish egg hatching, seed germination, etc. 
 
2.2.3. Ultrasound to stimulate food fermentation  
 
2.2.3.1. Stimulating mechanism 
 
Ultrasound can be used to promote a fermentation process through stimulating 
three main factors involved in fermentation, i.e. microorganisms, enzymes and mass 
transfer processes. In generally, by using ultrasound the conversions catalysed by 




microorganisms; (2) increasing the enzyme activity; (3) reducing the boundary layer 
around the cell and increase mass transfer over the cell wall; (4) enhancing growth rate 
of microorganisms; and/or (5) releasing un-known stimulating components from 
microorganisms. These mechanisms usually function together and the predominance of 
each mechanism depends on ultrasound conditions for certain fermentation processes. 
 
Boquien et al. (1991) optimized an ultrasonic procedure (three sonications at 30 s and 
5.75 Wml
-1
) to release aminopeptidase from Lactococcus lactis subsp. cremoris in 
phosphate buffer without modifying the anti-genicity of the enzyme. Ultrasonic 
treatment resulted in lactose hydrolysis of 90% and residual enzyme activity of 75% 
(83.7% and 51.9% respectively in the case without ultrasound) at the optimum 
operational conditions of acoustic power of 20 W, duty cycle rate of 10% and enzyme 
concentration of 1 mL/L (Şener, 2006). Toba et al. (1990), Sakakibara et al. (1994), 
and Wang and Sakakibara (1997) studied sonication as a method of accelerating dairy 
fermentation processes. After the sonication of high -galactosidase-producing 
lactobacilli strains during yogurt fermentation, Toba et al. (1990) reported 71–74% 
depletion of the initial lactose content, whereas 39–51% lactose hydrolysis was 
obtained in non-sonicated milk. In comparison, Sakakibara et al. (1994) achieved 
about 55% lactose hydrolysis in sonication-enhanced fermentation by four 
Lactobacillus strains compared with about 36% lactose hydrolysis in their 
conventional fermentation.  
 
Ultrasound enhances mass transfer and reaction rates in both multiphase reactors and 
homogeneous systems of fermentation. Small microbial cells suspended in the culture 




mass transfer of nutrients and products. In other cases, solid–liquid and gas–liquid 
mass transfer of substrates and nutrients can be a rate controlling factor. In a sonicated 
bioreactor, the pulsation of microbubbles of gas in the fluid generates microstreaming 
and other effects that can thin the fluid boundary layer around cells positioned close to 
the bubbles, thus enhancing mass transfer (Chritis, 2003). Moreover, ultrasound has 
the potential for enhancing mass transfer within a cell including cellular membrane and 
cytoplasm (Bar, 1988; Bochu et al., 2003). The ultrasound enhancement of mass 
transfer through both artificial and biological membranes has been documented and is 
often referred to as phonophoresis, i.e. a process whereby ultrasound facilitates the 
penetration of chemicals through membranes. There has been enhancement of Ca
2+
 
transfer into Saccharomyces cerevisiae cells (Bochu et al., 2003). On the other hand, at 
certain intensities of ultrasound, intracellular microstreaming has been reported inside 
animal and plant cells. Rotation of organelles and eddying motions in vacuoles of plant 
cells were reported (Bar, 1988). These cytoplasmic movements are unique to 
ultrasound. All these effects particularly generated by ultrasound may well bring about 
an enhancement of a metabolic function or biotransformation. Ultrasonic irradiation at 
20 kHz for 5 s every 10 min at a power output of 22 kW m
−2
 enhanced the rate of 
biotransformation of cholesterol to cholestenone by resting cells of Rhodococcus 
erythropolis. This effect was explained in terms of an enhanced dissolution of the 
substrate by ultrasonication and the ultrasound-induced enhancement of mass transfer 
within and outside cells (Bar, 1988). Ultrasound-enhanced diffusion of nutrients 
through gels has been used to explain improved dehydrogenation of hydrocortisone by 
gel-entrapped cells of Arthrobacter simplex (Zabaneh and Bar, 1991) or alkylbenzene 
sulphonate decomposition by immobilized cells of Pseudomona aerugo (Lijun et al., 




intermittent ultrasonication during simultaneous saccharification and fermentation of 
cellulose pulp by a genetically modified bacterium Klebsiella oxytoca (Wood et al., 
1997). Mass transfer enhancement might again have contributed to this effect.  
 
Power ultrasound could not only promote the permeability through cell membrane and 
transportation of materials, but also change the components of a fermentation broth, 
especially for high-intensity condition. Apart from enzymes, when cells disintegrate 
under intense sonication, the release of other components may occur and promote the 
growth of microorganisms. For instance, cell lysates contain many growth factors 
(Gaudreau et al., 2004). Even some degree of cell death caused by ultrasound could be 
allowed as long as the enhanced rate of cell growth is greater than the rate of cell death 
(Pitt & Ross, 2003). 
 
Apart from enhancing mass transport through the fluid boundary layer around cells, 
ultrasound can greatly increase the rates of gas–liquid oxygen transfer, removal of 
carbon dioxide and dissolution of suspended solids and droplets. This increases the 
supply of low-solubility substrates and, indirectly, enhances a culture's productivity 
(Chritis, 2003).  
 
2.2.3.2. Application of ultrasound in food fermentation 
 
Stimulation by ultrasound may improve the permeability of membrane, speed 
up the transfer of substance and promote cellular growth and propagation. These 
indicate that ultrasound is a promising technology that can be applied in fermentation 




many reported applications in fermentation and specifically food fermentation (Table 
2.5).   
 
The effect of ultrasonic waves on yeast and alcohol beverage fermentation was studied 
long time ago (Euler et al., 1943). However, most of the studies were not successful 
where culture inactivation and weaker fermentation capacity were observed under the 
processing conditions. By contrast, successful ultrasonic waves stimulating 
fermentation of food products were reported recently. Yu et al. (1998) applied 
ultrasound during the fermentation of soy sauce with Aspergillus oryzae. The results 
showed that the production rate of soy sauce fermented with Aspergillus oryzae 
assisted by ultrasonic waves was 150% more than that of soy sauce produced by 
conventional technology. For production of ethanol by S. cerevisiae, intermittent 
sonication at 300 Wm
-3 
and 25 kHz could double the yield of ethanol (Schlafer et al., 
2000). This study also revealed that although cellular growth and ethanol production 
could still proceed at higher intensity sonication of 12 kWm
-3
, they were at rates 
comparable to non-sonicated controls. Chuanyun et al. (2004a) found that an 
ultrasound treatment on the metabolic fluxes of E. ashbyii reduced the biosynthesis 
stage of both pyruvic acid and riboflavin by 36 hours. Kang (2006) described a Kimchi 
refrigerator that had a device generating ultrasonic wave to reduce fermentation period 
and to create a fermentation condition advantageous to the growth of LAB in Kimchi 
fermentation. Chuanyun (2004b) reported that with low-energy ultrasonic treatment all 
tested frequencies on the riboflavin producing strain Ecemothecium ashbyii could 
promote mycelial growth, and at the same time also improved the output of riboflavin, 





In dairy fermentation, ultrasound has been used as a low-cost technology to provide 
low lactose fermented milk (Toba et al., 1990; Sakakibara et al.,1994; and Wang and 
Sakakibara, 1997) or to shorten the fermentation time of yogurt and kefir (Wu et al., 




Many approaches have been employed to improve the viability and stability of 
bifidobacteria and other probiotics in fermented milks. However, industrial 
manufacturers nowadays still face challenges to maintain a suitable level of viable 
cells during the products‘ shelf life without significantly increasing production cost. 
The continuous search for novel processes and formulation technologies reflects the 
potential of fermented milks containing probiotics as functional foods.    
 
Innovative technological solutions using ultrasound processing that can generate 
significant improvements in food fermentation have been neglected in milk 
fermentation by bifidobacteria and other probiotics. There is a need to conduct detailed 
studies on stimulating the fermentative activity of probiotics by high intensity 
ultrasound, on chemical changes and nutritional values of the corresponding products, 
etc. In addition, it is necessary to have an in-depth understanding about the 
mechanisms by which ultrasound affects the specific food fermentation. All of these 
are critical for ultrasound to be successfully applied in commercial fermentation of 





Table 2.5. Applications of ultrasonic processing in food fermentation 










every 10 min 
Significant enhancement in rates of 








20 kHz, 0.030-0.120 
W/mL 
Sight effect of free cell wile significant 
enhancement for gel-trapped cells 
Zabaneh and Bar, 1991 
Enhance xanthan gum 
fermentation 
Xanthomonas Continuous flow cell 
with volume 3.0 ml, and 
a re-circulation 
peristaltic-pump with 
flow rate = 100 ± 20 
ml/min. Frequency = 20 
kHz, 1 – 1.5 kW/L 
Xanthan production increase by 12% 
and 22% for single short and 
intermittent dose  sonication , 
respectively 
Ultrasound enhance oxygen transfer 
during fermentation 
Petel, 2003 
Pyruvic acid Ecemothecium 
ashbyii 
24 kHz, 18 W, 30 min Ultrasound gave rise to pyruvic acid, 
dry weight and riboflavin changes 
Chuanyun et al., 2004a 
Riboflavin  Ecemothecium 
ashbyii 
24 kHz, 30 min treatment 
every 1.5 h during 104 - 
112h 
Stimulate on growth and riboflavin 
biosynthesis resulted in enhancement 
riboflavin  
Chuanyun et al., 2004b 
Monascus pigment and 
Manacolin K 
Monascus sp. Different exposed times: 
5, 10, 30 s, 1, 2, 5, 10 and 
20 min 
Monascus pigment increase 29.74% 
while Manacolin K rise 39.96%  
Yang et al., 2005 
Enhance flavor to 
fasten aging process in 





20 kHz and 1.6 MHz Flavor compound at 20 kHz but 
decrease at 1.6 MHz. 20 kHZ ultrasonic 











50, 100, 200 W Higher power and continual process 
better acceleration 
Ultrasound not change the character and 
sensitivity of enzyme 
Xiao et al., 2005 
Accelerate cell growth 
and the formation of 
ethanol and other 
volatile 
components in the 
alcohol fermentation 
process  











Reduce fermentation periods to 50—
64% in  wine, beer, and sake 
Enhance isoamylacetate concentration 
of about 2.5 greater 
Formation of ethanol and other 
components mainly by decreasing DCO2 
 
Matsuura et al., 1994 
 
Enhance growth rate 
of S. cerevisiaes 
Saccharomyces 
cerevisiae AS2.399 
Different frequencies (18 
– 30 kHz), powers (2 – 8 
W), interval time, 
stimulation time, and 
total duration 
Obtain optimum parameters of 
ultrasound stimulating the growth of 
yeast 
Rate of stimulate different with bacterial 
growth phase 
Lanchun et al., 2003a 
Get stronger S. 




24 kHz, 2 W, 1s for in 
stimulation time and 30 
min in the duration cycle 
Enhance fermentation strength and 
proteinase activity of parents but not 
descendants 
Lanchun et al., 2003b 
Enhance Ca
2+




24 kHz, 2 W Low intensity ultrasound enhance total 
Ca
2+
  inside the yeast cells 










L. helveticus LH-17 
20 kHz, 60W, 20 min, 
0
o




Lactose hydrolysis: 71 – 74% as 
compared with control 39 – 51% 
Glucose content increased 
Slower in pH drop 









55% lactose hydrolysis 
Decrease in cell viability in ultrasonic 




fermented milk bulgaricus B-5b  sample 
Provide method to 
reach a high viable 
cell count and a high 















Lactose hydrolysis: 75% as compared 
with < 40% of controls and strains 
dependent 
Slower in pH drop 
 
Wang and Sakakibara, 
1997 
Shorten time of 
fermentation and 







20 kHz; 90, 225, and 
450W; 1, 6 and 10 min 
 
Reduced by 0.5 h in 3.5h of 
fermentation 
Culture viability not counted 
Wu et al., 2001 
Reduce time of 
fermentation of kefir 
Kefir culture  
 
28 kHz 
Different sound pressure 
of irradiated ultrasonic 
waves: 10, 20, 40 and 80 
kPa, whole fermentation 
time 
Fermentation time shortened with  
increase in pressure which produced no 
ultrasonic cavitation (10, 20, 40 kPa) 




Reduce time of 
fermentation of kefir 
Kefir culture  
 
28, 40, 100, 200 kHz, 
whole fermentation time 
Fermentation time shortened 
exponentially with frequency  
Culture viability not counted 










IMPACT OF HIGH-INTENSITY ULTRASOUND ON SURVIVAL 
OF BIFIDOBACTERIA AND THEIR -GALACTOSIDASE 






 High-intensity ultrasound normally causes cavitation in aqueous solutions, which 
is an effective factor in damaging the cell wall of micro-organisms. When a bubble 
collapses, a strong shear stress is generated in the medium that breaks the chemical 
bonds in the cell wall and membrane. Depending on the strength and frequency of 
waves, cell wall structure and sonication environment, the impact of ultrasound would 
be different. At certain frequency and treated volume, both exposure time and 
ultrasound power are key parameters determining the amount of ultrasonic energy 
which results in the behavior of the treated objects.  
 
The response of lactobacilli cells in milk to high-intensity ultrasound at frequency of 
20 kHz was observed by Tabatabaie and Mortazavi (2008). The ultrasound wave 
showed its distinct effects on disrupting the cells of four different LAB including 
Lactobacillus acidophilus, Lb. casei, Lactococcus lactis spp. cremoris and Lc. lactis 
spp. Lactis. At the same time, high-intensity ultrasound caused the release of enzymes 
from lactobacilli cells such as -galactosidase and speeded up lactose hydrolysis in 
milk by these strains (Toba, 1990; Wang & Sakakibara, 1997; Wu et al., 2000). In the 





not only the conversion of lactose to glucose and galactose, but also the 
transgalactosylation reaction in which lactose serves as galactosyl donor and an 
acceptor to form di-, tri-, or higher galactooligosaccharides (GOS).  GOS are now 
considered as a prebiotic food ingredient and have been demonstrated to promote the 
growth and establishment of bifidobacteria in the intestine and thus exert a beneficial 
effect on the human host.  
 
In the present study, the effect of high-intensity ultrasound on bifidobacterial survival 
and its corresponding -galactosidase activity was first screened. The investigation 
was carried out in a skim-milk medium with various acoustic amplitudes and time 
exposure. The results would demonstrate the potential of this technique in stimulating 
milk fermentation by bifidobacteria.   
 




Four Bifidobacterium species were used in this study. B. breve ATCC 15700 
was obtained from the American Type Culture Collection Center (ATCC; Manassas, 
VA, USA). B. infantis was isolated from milk powder in Y.K. Lee’s Lab at the 
National University of Singapore. B. longum BB-46 and B. animalis subsp. lactis BB-
12 were purchased from Chr. Hansen (Hørsholm, Denmark) as freeze-dried direct vat 





3.2.2. Preparation of samples 
 
3.2.2.1. Inoculum preparation 
 
Probiotic cultures of B. breve ATCC 15700 and B. infantis were sub-cultured in 
Man Rogosa Sharpe (MRS; Oxoid Ltd, Cambridge, UK) + 0.05% w/w L-cysteine 
hydrochloride (Sigma-Aldrich, Inc., St. Louis, MO, USA) medium at 37
o
C for 24 h in 
an anaerobic chamber (10% H2, 10% CO2, and 80% N2) before a final inoculation for 
making concentrated stock cultures. Early stationary phase cells (12 – 24 h of 
inoculation) in 300 mL of MRS + 0.05% L-cysteine hydrochloride with a 3 mL sub-
cultured bacterial solution were harvested by centrifugation at 14,000  g for 15 min at 
4
o
C. The pellet was washed once in 0.05 M potassium phosphate buffer (pH 7.0) 
before re-suspension in 10 mL of pasteurized reconstituted skim milk (see Section 
3.2.2.2) for working bacterial cultures.  
 
Probiotic cultures of B. longum BB-46 and B. animalis subsp. lactis BB-12 
were diluted to a ratio of 1:10 w/v with pasteurized reconstituted skim milk to produce 
working bacterial cultures. 
 
3.2.2.2. Culture inoculation and ultrasound treatment 
 
Reconstituted skim milk of 15% w/v solids was prepared by dissolving skim 
milk powder in deionised water at 45-50
o
C. It was then pasteurized at 95
o
C for 15 min. 
Each sample containing 100 mL of pasteurized reconstituted skim milk was inoculated 
at 37
o





samples, immediately after inoculation sample was treated by ultrasonication. The 
bottles were placed in an ice water bath to counteract the effect of heat produced 
during the ultrasonic processing, and the temperature of the samples during sonication 
was controlled at 30 – 40C, which was monitored by thermocouples. 
 
The samples were exposed to ultrasonic waves at different amplitudes and a 
frequency of 20 kHz for various time (Table 3.1), using a UIP 1000 ultrasound system 
with Sonotrode BS2d34 (Hielscher Ultrasonics GmbH, Teltow, Germany) through a 
computer controlled system by the ultrasonic processor. The sonicated samples at 
amplitudes of 10, 30, 60, 80, and 100% were denoted as A10, A30, A60, A80 and 
A100, respectively. Scheme of experimental set-up for sonicated samples is illustrated 
in Figure 3.1. Samples without any ultrasound treatment were used as the control 
(denoted as CY). All samples were immediately kept in an ice-bath before further 
analysis. The experiments were conducted in triplicate with two batches carried out on 
the same day and the third batch on a separate day. From every batch, three samples 
were taken. 
 
Table 3.1. Ultrasonic parameters for the experiment on survival of viable cells and 








Time of exposure 
(min) 
10 2.2 5 10 15 20 30 
30 2.8 5 10 15 20 30 
60 3.7 2 5 10 15 20 
80 4.8 2 5 7 12 15 



































































































































Figure 3.1. Scheme of experimental set-up for sonicated samples 
 
3.2.3. Sampling scheme for measurements 
 
The cell viability and -galactosidase activities of the four bifidobacterial 
species in milk were analyzed immediately after being ultrasonicated under various 
conditions. At each sampling point, three independent samples were taken from every 
batch of fermented milk under every processing condition. Therefore, there were nine 
replicates of analytical data for each processing condition. 
 
3.2.4. Analytical methods 
 






Viable cells of bifidobacteria during fermentation were evaluated by plate 
count in MRS agar + 0.05% L-cysteine hydrochloride (Cys) at 37
o
C for 48 - 72 h. The 
details of the method are described as follows: 
 
(a) Media and reagent preparation 
 
 Peptone saline solution (PSS): 1.0 g of bacteriological peptone (Oxoid Ltd, 
Cambridge, UK) and 8.5 g of sodium chloride (Merck, Germany) were 
dissolved in 1000 ml of deionized water (DI) using an agitator. The pH of the 
PSS was adjusted to 7.0  0.1 using NaOH or HCl solution. The solution was 
sterilized at 121
o
C for 15 minutes. 
 
 Phosphate buffer: One molar di-sodium phosphate (Merck, Germany) was 
added to 1.0 M monosodium phosphate (Merck, Germany) until pH of 7.0 was 
reached. The 1.0 M buffer was then diluted with DI water to appropriate 
concentrations as required and sterilized at 121°C for 15 min. 
 Medium: MRS agar plus 0.05% L-cysteine hydrochloride was used as the 
medium for the growth of bacteria in Petri dish. The medium was sterilized by 
autoclaving at 121
o
C for 15 minutes before use. 
 
(b) Enumeration of bifidobacteria in milk and fermented milk  
 
 Nine g of sample was added aseptically into a bottle containing 45 ml of sterile 
0.95% PSS.  





 A decimal dilution was prepared by transferring 1 ml of the 1st dilution into 9 
ml of 0.95% PSS and mix it. 
 The above step of dilution was repeated until 30-300 microorganisms per ml 
can be detected. 
 One ml of each dilution was transferred into each plate. Three plates were used 
per dilution. 
 The melted MRS+0.05% Cys agar (40-45oC) was added aseptically into 
inoculated plates and mixed gently by rotating the plates. 
 After the agar was hardened firmly on a level surface, the plates were incubated 
at 37
o
C for 2 – 3 days under anaerobic conditions (anaerobic chamber or 
anaerobic jars). Examine and counting colonies in the plates was taken. 
 
3.2.4.2. Measurement of -galactosidase activity 
 
Activity of -galactosidase was measured using a method modified from 
Lamoureux et al. (2002) by determining the hydrolysis of o-nitrophenyl-β-D-
galactopyranoside (ONPG; Sigma-Aldrich, MO, USA) at 37
o
C and pH 7 maintained in 
phosphate buffer after 15 min incubation. Fermented milk with culture (1 mL) was 
combined with 5 mL of sodium phosphate buffer at pH 7 in tubes and incubated in a 
water bath at 37
o
C for 10 min; ONPG (3 mL of 4 g L
-1
) was added to each tube. The 
reaction was carried out in the water bath at 37
o
C and stopped after 15 min by adding 2 
mL of 0.5 M Na2CO3 (Sigma-Aldrich, MO, USA). Following mixing and cooling, the 
contents of each tube were centrifuged at 14,000  g for 20 min to remove the proteins 
of milk and cells. Acetonitrile (10 mL; Tedia Company, OH, USA) was added into 





g for 20 min to collect a clear supernatant. The concentration of o-nitrophenol (ONP) 
released was determined from the absorbance at 420 nm measured in a UV-1700 UV-
vis spectrometer (Shimadzu, Kyoto, Japan). A standard calibration curve was 
established by using pure ONP (Sigma-Aldrich, Inc., St. Louis, MO, USA), shown in 
Figure 3.2. Triplicates have been carried out for standard curve. Non-inoculated milk 
was prepared by the same procedure as described above, and used as the blank. A unit 
of activity was defined as the amount of enzyme that liberated 1 mol of ONP from 








Figure 3.2. Standard calibration curve of o-nitrophenol 
 
3.2.5. Kinetic models of bifidobacterial survival under ultrasonic processing 
 



























The following three kinetic models were used for describing the survival 
behaviors of the four Bifidobacterium strains:  
 























where No is the initial population (CFU/ml); Nt is the residual population at time t 
(CFU/ml); and a0, a1, a2, and b2 are parameters of the corresponding models.   
 
3.2.5.2. Model evaluation 
 
Model performance was evaluated by calculating the coefficient of 
determination (R
2
) and the root mean square error (RMSE) between the experimental 
values and the model predicted values for each response. Large R
2
 and small RMSE 
values are desirable for a high-quality model. 
 





Statistical analysis was carried out using Excel (Microsoft, Redmond, WA, 
USA). All results presented are means of nine replicates. The level of significance was 
preset at p = 0.05.  
3.3. RESULTS AND DISCUSSION  
 
3.3.1. Survival of bifidobacteria under ultrasonic processing: Influence of level 
of amplitude and sonication time 
 
Figures 3.3 to 3.6 illustrate the impacts of different ultrasonic processing 
conditions on the survival of strain BB-46, strain BB-12, B. breve, and B. infantis in 
milk, respectively. The survival of the four bifidobacterial populations in milk was 
found to be dependent on the amplitude level and exposure time (p < 0.05). In general, 
the higher the ultrasonic power and the longer the exposure time, the faster the 
inactivation rate of the four Bifidobacterium strains.   
 
The ultrasound effects on cells are largely based on the collapse of cavitation bubbles  
(Miller et al., 1996), microstreaming near the boundary layer, and formation of free 
radicals, which promote chemical reactions, causing biochemical changes in living 
cells (Miller,1987). These effects may include fragmentation of cell membranes by 
wall decomposition as well as structural changes and interactions with 
deoxyribonucleic acid (DNA) (Butz and Tauscher, 2002; Fellows, 2001; Liebeskind et 
al., 1979). Recent reports also indicate that cavitation can induce apoptosis, a gene-
regulated cell death, which uniquely defines morphological and molecular 
characteristics (Kagiya et al., 2006). The cavitation field contains eddies of various 





exerting shear stresses on them. Thus, increasing the acoustic power will produce 
smaller eddies, subjecting smaller cells to the action of more disruptive eddies and 
resulting in a greater cell disruption (Doulah, 1978; Ho et al., 2006; Huzaifa et al., 
2010). Besides, the results also revealed that under similar processing conditions the 
resistance of strain BB-12 to ultrasound was slightly weaker than that of B. breve and 
B. infantis while a greater destruction of BB-46 was found in comparison to the other 
three strains. This indicates that the effectiveness of an ultrasound treatment is 
dependent on the species of bacteria being treated. There are several possible reasons 
for the distinct responses of different bacteria to ultrasound. The first could be the 
differences in the thickness of cell membrane and cell size. Smaller sized bacteria  
are more resistant to the effect of ultrasound, and rods are more easily eliminated than 
cocci. The second is that the species difference in the susceptibility to cell disruption 
may be due to differences in the chemical composition of cell wall (Palma and 
Bucalon, 1987).  In another discussion, Scherba et al. (1991) proposed that by an 
unknown mechanism, the damage from ultrasound to bacterial cells could originate in 
the cytoplasm rather than in the cell wall. Villamiel and Jong (2000a) examined the 
deactivation of Pseudomonas fluorescens and Streptococcus thermophilus in milk 
using ultrasound and found that the Gram-negative Pseudomonas fluorescens was less 
resistant to ultrasound than the Gram-positive Streptococcus thermophilus. They 
suggested that the cell sensitivity was one of the main factors involved in the 
ultrasound susceptibility of microorganisms. In this regard, it has been shown that 
there are significant differences in the protein patterns which are correlated with the 
differences in cell membrane properties and stress responses such as low pH or high 
salt conditions among Bifidobacterium strains (Aires et al., 2010; De Dea et al., 2007; 









































Figure 3.3. Survival of B. longum BB-46 and its best fit models under various 
conditions of ultrasonic processing (A10: 10% amplitude; A30: 30% amplitude; A60: 


































A10-1st order (Predicted trend)
A30-1st order (Predicted trend)
A60-1st order (Predicted trend)
A80-1st order (Predicted trend)
A100-1st order (Predicted trend)





































Figure 3.4. Survival of B. animalis subsp. lactis BB-12 and its best fit models under 
various conditions of ultrasonic processing (A10: 10% amplitude; A30: 30% amplitude; 





































A10-Zero order (Prediced trend)
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A100-1st order (Predicted trend)






































A60-Zero order (Predicted trend)
A80-Zero order (Predicted trend)





Figure 3.5. Survival of B.breve and it best fit models under various conditions of 
ultrasonic processing (A10: 10% amplitude; A30: 30% amplitude; A60: 60% 
















































A60-Zero order (Predicted trend)
A80-Zero order (Predicted trend)
A100-1st order (Predicted trend)
  
 
Figure 3.6. Survival of B.infantis and it best fit models under various conditions of 
ultrasonic processing (A10: 10% amplitude; A30: 30% amplitude; A60: 60% 





not the same for all bifidobacteria.  Therefore, the kinetics of ultrasonic survival of the 
four bifidobacteria in milk might be different; that is, different mathematical models 
are expected for describing these survival behaviors. 
3.3.1.1. Kinetics models of microbial survival under ultrasonic processing 
Survival kinetics of each Bifidobacterium under various ultrasonic processing 
conditions was examined. The three kinetic models and their performance for the four 
Bifidobacterium strains are shown in Table 3.2. The results showed that, for strain BB-
46, the first-order kinetic model best described the characteristics of its ultrasonic 
inactivation while the polynomial model was the best for B. breve and B. infantis. 
Strain BB-12 survival curves were dependent on the level of applied amplitudes 
although in general the polynomial model provided a good fit in almost all cases. 
However, at the levels of A10 and A30, for this Bifidobacterium BB-12, a zero-order 
kinetic model could described the responses reasonably well, while at higher 
amplitudes, i.e. at A60, A80 and A100, first-order kinetic one was the best. The zero-
order and first-order kinetic models were less successful in fitting the inactivation data 
when a shoulder was present, for instances, at A10 and A30 of either B. breve or B. 
infantis as shown in Figures 3.5 and 3.6. In summary, the survival of bifidobacteria 
under ultrasonic processing can be classified into three levels of survival rate. The high 
survival rates (A10 and A30 for B. breve and B. infantis) were described by the 
polynomial model and the middle levels (A10 and A30 for strain BB-12; A60 and A80 
for B. breve and B. infantis) matched well with the zero-order kinetics. The first kinetic 
relationship was the best to model the survivals of the Bifidobacterium strains sensitive 






Table 3.2. Performance of the kinetic models for the four Bifidobacterium strains in 
skim milk treated by ultrasound at various amplitudes and time 
 
high amplitudes of ultrasound (A60, A80, and A100 for strain BB-12; A100 for 
B.breve and B. infantis), i.e. low level of survival. 
3.3.2. Releasing -galactosidase of bifidobactera under ultrasonic processing 
 
From Figures 3.7 to 3.10, it can be seen that the activities of -galactosidase of 






















A10 0.7994 14.26 0.9903 2.57 0.9947 2.32 
A30 0.5894 21.15 0.9776 2.07 0.9652 6.15 
A60 0.6905 19.89 0.9914 3.36 0.9784 5.26 
A80 0.4760 25.03 0.9946 2.58 0.9582 7.29 
A100 0.2140 31.84 0.9813 0.59 0.9140 10.53 
BB-12 
A10 0.9877 2.49 0.9469 5.61 0.9905 2.19 
A30 0.9913 2.60 0.8985 9.65 0.9938 2.19 
A60 0.8990 9.16 0.9986 1.51 0.9955 2.02 
A80 0.8523 12.34 0.9972 1.52 0.9955 2.07 
A100 0.8161 13.65 0.9965 2.63 0.9857 3.81 
B. breve 
A10 0.8221 8.77 0.7299 11.47 0.9932 1.71 
A30 0.8796 8.38 0.7726 12.14 0.9988 0.83 
A60 0.9915 2.02 0.9693 1.50 0.9920 1.58 
A80 0.9966 1.54 0.9573 5.93 0.9967 2.62 
A100 0.8657 11.81 0.9898 2.16 0.9964 1.90 
B. infantis 
A10 0.8907 6.93 0.8034 9.67 0.9975 1.04 
A30 0.9612 4.96 0.8247 10.61 0.9967 1.44 
A60 0.9950 1.72 0.9825 3.10 0.9990 0.79 
A80 0.9960 1.89 0.9169 7.63 0.9958 1.85 





different ultrasonic power levels, and a higher intensity of ultrasound provided a higher 
amount of the enzyme.  
 
There were some special observations for strain BB-46 (Figure 3.7). -Galactosidase 
activity reached its maximal value at 20 min under A10, 15 min under A30, 10min 
under A60 and 5 min under A80 and A100. This can be explained as being due to the 
greater decline in viable cell counts of this strain at these points; as a result, no more 
bacteria were releasing the enzyme subsequently (Section 3.3.1). Interestingly, the 
activity of -galactosidase drastically dropped after 7 min at A100, giving low values 
of the enzyme activities, 0.625 ± 0.042 and 0.069 ± 0.005 unit/mL, at 12 and 15 min, 
respectively. This implies that inactivation of the released enzyme occurred under a 
high power ultrasonication in a long time period. More evidently, the maximum -
galactosidase activity for this strain was higher at a lower power. 
 
Generally, it has been shown that large amounts of -galactosidase of the four 
Bifidobacteria strains were released into the milk environment by the ultrasonic 
processing. The results also demonstrated that the release of β-galactosidase by 
bifidobacteria varied with the strains selected. This is consistent with similar 
observations in Hsu et al. (2005). Strain BB-46 was capable of producing a high level 
of β-galactosidase as compared with the other three bifidobacteria, strain BB-12, B. 







Figure 3.7. -Galactosidase activity of B. longum BB-46 at various time of exposure 




Figure 3.8. -Galactosidase activity of B. animalis subsp. lactis  BB-12 at various time 




































































































Figure 3.9. -Galactosidase activity of B. breve at various time of exposure under 



































Figure 3.10. -Galactosidase activity of B. infantis at various time of exposure under 





Yet, β-galactosidase from this strain appeared to be more sensitive to ultrasonic wave 
as described above. For all of the four examined strains, a high amount of and stable β-
galactosidase could be achieved at low acoustic power of ultrasound with long 
processing time rather than at high power in a short time.    
 
The intracellular -galactosidase is one of the most thoroughly studied proteins, which 
has been used as an indicator of the effectiveness of bacterial disruption (Geciova et 
al., 2002). In conjunction with the earlier results on bacterial inactivation by 
ultrasound, it can be concluded that the ultrasound disrupted bacterial cells. The higher 
-galactosidase activity of the ultrasonicated samples was also identified as a 
promoting factor for bifidobacterial milk fermentation aided by ultrasonic wave. The 
results are in agreement with those of Toba et al. (1990), Sakakibara et al. (1994), and 
Wang and Sakakibara (1997), who also studied sonication as a method of accelerating 
lactose hydrolysis in fermented milk by Lactobacillus strains. Lactose is the major 
carbohydrate in milk. Usually in conventional yogurt only 30 – 40% of this sugar is 
hydrolyzed. A large number of people do not digest lactose properly due to the lack or 
inactivity of intestinal β-galactosidase and suffer from intestinal dysfunctions. 
Commercial sources of β-galactosidase for the enzymatic hydrolysis of lactose are 
readily available but these can be expensive (Gaudreau et al., 2004). Higher amounts 
of β-galactosidase produced by ultrasound may help to solve the problem in a cheaper 
way. Besides, lactose is a sugar with high biological oxygen demand, low sweetness, 
low solubility, and has a strong tendency to adsorb flavours and odours compared to its 
hydrolysis products - glucose and galactose (Şener et al., 2006). Because of that, 
lactose-hydrolysed yogurt has a sweeter taste than conventional yogurt without 





processing has a great potential in this regard. However, the stability of β-galactosidase 
after an ultrasound processing and during milk fermentation has to be considered 
because the activity of β-galactosidase is dependent on processing conditions such as 
pH, temperature, and processing time. The effect of ultrasound on lactose hydrolysis 
should be further confirmed by sugar analysis and measurement of enzyme activity 
during milk fermentation.   
 
The liberation of β-galactosidase was due to the disruption of bacterial cells. Thus, it 
had a strong relationship with the degree of bacteria inactivation by ultrasound 
(Figures 3.11 to 3.14). The more bacteria died, the more enzymes were released. With 
exception, the enzyme activities of strain BB- 46 increased with nearly the same rate 
under the three high levels of power until around 80% of bacteria were disrupted. But 
after that, the enzyme activities were not much changed although more strain BB-46 
cells were killed. In addition, it also appears that for all the strains at the same amount 
of bacterial death the enzyme activities were lower for the higher power of ultrasound. 
This further confirmed the deactivation of released enzymes by the high power 
ultrasound. Another explanation could be that the ultrasound might have killed the 
bacteria but not help to liberate the enzymes. Ananta et al. (2005) reported that 
ultrasound-induced cell death might not be related to membrane damage for the case of 
Escherichia coli and Lactobacillus rhamnosus; as a result, no release of enzyme 
occurred. The former explanation is more convincing for our study since the 
ultrasound at A100 in the case of strain BB-46 caused a decline of the enzyme activity 
after 12 min treatment. The explanation is reasonable since a higher ultrasonic power 


























Figure 3.11. Relationship between -galactosidase activity of B. longum BB-46 and 









Figure 3.12. Relationship between -galactosidase activity of B. animalis subsp. lactis 
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Figure 3.13. Relationship between -galactosidase activity of B. breve and bacterial 
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Figure 3.14. Relationship between -galactosidase activity of B. infantis and bacterial 





All in all, in general, high intensity ultrasound provided more β-galactosidase for milk. 
The bifidobacteria are generally not highly proteolytic, and their growth in milk is also 
dependent on their β-galactosidase activities (Champagne and Gardner, 2005). Thus, 




In this study, it has been shown that high-intensity ultrasound caused the disruption of 
the four bifidobacteria and their kinetic models of survival were dependent on both the 
acoustic power and the treated strain. In general, the release of intracellular β-
galactosidase of the four bifidobacteria was increased with increasing ultrasonic 
amplitude and time exposure, while the survival rate of bifidobacteria was reduced 
with them. It also demonstrated the capability of high-intensity ultrasound in 
stimulating milk fermentation by bifidobacteria by controlling and optimizing the 
acoustic amplitude and the treatment time to achieve a low rate of bacterial 





STIMULATING FERMENTATIVE ACTIVITIES OF 






Probiotic-containing products bring many benefits to the consumers and 
constitute a significant portion of today’s emerging “functional food” sector. They are 
usually marketed in the form of yogurt-like products. In particular, bifidobacteria-
derived fermented products have shown excellent physiological activity in infant 
digestion metabolism and nutrient utilization (Prado et al., 2008). Unfortunately, 
although milk is a nutritional medium for the growth of bifidobacteria, amino acids 
and low molecular weight peptides are present at only low concentrations. This results 
in slow growth of these bacteria in milk. A number of approaches have been attempted 
to promote the growth of bifidobactria for faster milk fermentation (Bezenger et al., 
2008; Martínez-Villaluenga & Gómez, 2007; Terragno et al., 2008).  
 
Ultrasound has shown beneficial effects on the metabolic performance of live systems 
and its applications in food fermentation such as production of yogurt-like products are 
noteworthy. It was reported that the use of ultrasound as a processing aid can lead to a 
total reduction in production time of up to 40% (Povey & Mason, 1998). A very 
important finding in Povey & Mason (1998) was that sonication reduced the normal 
dependence of the process on the origin of milk. Further, it appeared to improve both 
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the consistency and the texture of the product (Mason et al., 1996). Toba (1990) 
reported that ultrasound improved the action of lactobacilli by nearly 50% and also 
induced a sweetening effect in yogurt without increasing the caloric content. Wang and 
Sakakibara (1997) showed that sonication at 200 kHz stimulated lactose hydrolysis to 
about 75% as compared with below 40% in the conventional one during milk 
fermentation by Lactobacillus strains. The results in this study also revealed that a high 
cell count and a high degree of lactose hydrolysis could be simultaneously achieved by 
a suitable sonication method. However, pH values in the fermented milk of all strains 
under sonication were higher than that in the control which should result in longer 
yogurt fermentation time. Moreover, viable cells of bacteria in the sonicated sample 
were smaller than those in the conventional fermented milk. In other studies, 
ultrasound shortened the fermentation time of starter cultures for yogurt and kefir (Wu 
et al., 2000; Masuzawa and Ohdaira, 2002; Shimada et al., 2004). In these studies, the 
survival of bacteria in the products was not mentioned. Ultrasonic processing maybe  
able to stimulate milk fermentation of LAB, although more research should be under 
taken for achieving process optimization and elucidating the underlying mechanism.  
 
Chapter 3 reports on a decline in the number of viable cells but an increase in the β-
galactosidase activity of the four bifidobacteria in milk after being treated with 
ultrasound. This indicates that high-intensity ultrasound can offer both advantages and 
disadvantages to milk fermentation by these four bifidobacteria. The study in the 
current chapter evaluated the capability of high-intensity ultrasound to stimulate milk 
fermentation by the same four bifidobacteria. The stimulatory effect was examined by 




4.2. MATERIALS AND METHODS 
 
4.2.1. Microorganisms  
 
The four Bifidobacterium strains used in the study were the same as those described in 
Sections 3.2.1.  
 
4.2.2. Production of fermented milk by bifidobacteria 
 
The general flowchart for the preparation of bifidobacteria-fermented milk is 
given in Fig. 4.1. The preparation of milk, culture inoculation and ultrasonic treatment 
were described in Section 3.2.2. Set-type milk fermentation of each bifidobacterium 
was carried out in glass bottles containing 100 mL of pasteurized reconstituted skim 
milk inoculated with 3% (v/v) working bacterial cultures. The samples were then 
immediately exposed to ultrasonic waves of 20 kHz at an amplitude of 30% 
(corresponding to approximately 100 W) for 7 min (denoted as UY7), 15 min (denoted 
as UY15) and 30 min (denoted as UY30), respectively. All samples were then 
incubated at 37
o
C until reaching pH 4.7 to produce final fermented milk by 
bifidobacteria. The experiments were conducted in triplicate with two batches carried 
out on the same day and the third batch on a separate day. From every batch, three 
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4.2.3. Sampling scheme for measurements 
 
During fermentation, sampling was taken for the count of bifidobacteria and 
pH measurement once every 6 hours. Close to the end of fermentation (i.e. as the pH 
approached 4.7), sampling was taken more often, ranging from once every 1/2 to 1 
hour. At the end of fermentation (i.e. when the pH reached 4.7), the number of viable 
cells and concentrations of lactose, glucose, galactose and oligosaccharides were 
analyzed. 
 
At each sampling point, three independent samples were taken from every batch of 
fermented milk under every processing condition. Therefore, there were nine replicates 
of analytical data for each processing condition. 
 
4.2.4. Analytical methods 
 
4.2.4.1. Enumeration of viable cells 
 
Viable cells of bifidobacteria during fermentation were evaluated by plate 
count in MRS agar + 0.05% L-cysteine hydrochloride at 37
o
C for 48 - 72 h.  
 
4.2.4.2. Sugar analysis 
 
For the analysis of sugars (i.e. lactose, glucose, galactose and oligosaccharides) 
in non-fermented milk and final fermented milk samples, 1 g of milk or fermented 
milk was weighed and transferred into a 25-mL volumetric flask, and made up with de-





water bath and stirred for 25 min for sugar extraction. After cooling to 10
o
C, the 
solution was centrifuged at 14,000  g for 20 min to remove protein. Before HPLC 
analysis, 3 mL of acetonitrile (Tedia Company, Inc.) was added to 1.5 mL of the 
solution for removal of the remaining protein, followed by filtration using a Minisart 
0.2 m filter (Sartorius AG, Göttingen, Germany). The analyses were carried out in a 
Waters HPLC system equipped with a 515 Waters double pump and a Waters 2414 
refractive index detector (Waters Corporation, Milford, MA, USA). Chromatographic 
separation was performed in a Waters Sugar Pak I column (6.5300 mm) with an NH2 
pre-column (3133 mm; Waters Corporation). An isocratic elution mobile phase of 
HPLC water was maintained at a flow rate of 0.4 mL min
-1
 for a sample volume of 
20 μL. Column and detector temperatures were maintained at 80°C and 50oC, 
respectively. Peaks were identified by comparing retention times with sugar standards 
including glucose, galactose, lactose and raffinose (Sigma-Aldrich, Inc.). The 
respective peak areas were used for quantitative analysis. Calibration curves for each 
sugar were prepared at five levels: from 0.5 to 10 mg mL
-1
 for glucose, galactose, and 
raffinose, and from 2 to 15 mg mL
-1
 for lactose. Oligosaccharides with a degree of 
polymerization (dp) of three were identified and quantified using raffinose. Degree of 
lactose reduction in fermented milk was defined as the ratio of the difference between 
the initial lactose concentration in milk, which was at 7.3  0.045 (%), and the lactose 
concentration in the fermented milk, to the initial lactose concentration in milk. 
4.2.5. Statistical analysis 
 
 Statistical analysis was carried out using Excel (Microsoft, Redmond, WA, 
USA). All results presented are means of nine replicates. The level of significance was 
preset at p= 0.05. 
Chapter 4 
 72 
4.3. RESULTS AND DISCUSSION  
 
4.3.1. Stimulatory effect of high-intensity ultrasound on milk fermentation by 
bifidobacteria 
 
Figure 4.2 shows a comparison of the fermentation time of each 
Bifidobacterium required to reach pH 4.7 between samples with and without 
ultrasound. Compared to the control, the fermentation times of B. breve fermented 
milks were 3.2  0.3, 5.5  0.4 and 2.7  0.3 hours shorter for 7, 15 and 30 min under 
ultrasound treatment (i.e. UY7, UY15 and UY30), respectively. Similarly, 
fermentation time could be reduced by 15.9  0.9%, 25.6  1.3%, and 8.4  1.1% for 
B. infantis UY7, UY15 and UY30 samples, respectively. Moreover, it can be seen that 
ultrasonic processing promoted milk fermentation of strain BB-12 by 12  1.92% in 
the case of UY15. These results indicate that the ultrasound treatments had stimulated 
B. breve, B. infantis and strain BB-12 fermentation in milk. However, there was little 
change for UY7 and even an increase in the fermentation time for UY30 of strain BB-
12 yogurts. Negative effects were observed on strain BB-46 growth by all ultrasonic 
treatments. Obviously, the effects of ultrasound on milk fermentation by the four 
different bifidobacteria are again species dependent. It can be explained by their 
distinctive resistance to ultrasonic intensity or by their different release of -
galactosidase as shown in Chapter 3 of the thesis.  
 
The stimulatory effect of ultrasound on milk fermentation by LAB has also been 
reported. Wu et al. (2000) found that high-power ultrasound stimulated the acid   
development of the yogurt starter culture and reduced the yogurt fermentation time, 
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while Masuzawa and Ohdaira (2002) and Shimada et al. (2004) reported on shortening 
the fermentation of kefir using sonication at various frequencies. However, in these 
studies, the growth and survival of culture in yogurt, which are critical factors in 
yogurt production, were not assessed. Thus the stimulatory action of ultrasound was 
explained as being due to either the agitation effect of ultrasound and/or a local slight 
temperature rise inside the solidified milk by the heat derived from ultrasonic 
absorption, which activated the lactic bacteria (Shimada et al., 2004), or an 
improvement in lactose transport and a release of intracellular enzymes such as β-
galactosidase (Wu et al., 2000). 
 
The corresponding pH values during milk fermentation by the four bifidobacteria are 
shown in Fig. 4.3. In the case of milk fermentation by B. breve and B. infantis, the 
trends in the pH profiles were similar. The pH values of UY7 and UY15 samples were 
similar with the controls in the first few hours of fermentation, but after that dropped 
faster to the end point of 4.7 in the following order: CY< UY7 < UY15. Whereas, the 
pH value of UY30 reduced more slowly in the first 12 hours of incubation but speeded 
up in the next six hours and decreased faster as compared with CY, resulting in shorter 
fermentation time. For strain BB-12, the pH values of all samples during the first 18 
hours of fermentation followed the general trend of rapid decrease and the order of 
decreasing rate was UY30< UY15< UY7<  CY. After that, the pH of UY30 still had 
the slowest rate while the pH of UY15 with fastest decrease rate.  The pH values of 
UY7 and CY were almost the same, while the pH of UY7 decreased at a faster rate 
reaching 4.7 earlier by one hour than that of CY. Earlier results showed that the cell 
counts in UY7 were slightly smaller than that in CY. This indicates that there were 


















Figure 4.2. Comparison of the fermentation time required to reach pH 4.7 by each of 
the four Bifidobacterium strains among milk samples with and without ultrasound 
treatment. Percentage value shown on top of a sonicated sample bar represents the 
difference in fermentation time between the sonicated sample and the corresponding 
non-sonicated sample (i.e., control) relative to the control. Results are expressed as 
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Figure 4.3. pH profile of ultrasound-treated and control milk during fermentation. 
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B. animalis subsp. lactis BB-12 B. longum  BB-46 
B. breve B. infantis 
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pH dropping rate in UY samples of strain BB-46 was very slow in comparison to CY 
sample. 
 
In this research, the growth of each bifidobacterial strain during fermentation was also 
investigated and is shown in Figure 4.4. Similarly to the results in Chapter 3 of this 
thesis, the number of cells was reduced for all of the four species after being exposed 
to the ultrasonic waves, with a greater reduction as the processing time increased. The 
increases in fermentation time for some of the ultrasound-treated milk samples 
containing strains BB-12 and BB-46 could be due to the lower initial counts of the 
cultures. These results agree with the observations by Wang and Sakakibara (1997) on 
milk fermentation by four strains of Lactobacillus under ultrasonic treatments at 200 




Interestingly, in the present study the results also revealed that the growth rate of 
probiotics seemed to have been promoted by the ultrasound for all treated samples. 
Evidently, the counts of B. breve, B. infantis and strain BB-12 in ultrasound-stimulated 
samples were lower at the beginning of fermentation in comparison with the control, 
but the final counts at the end of fermentation were not significantly different between 
the ultrasound and control, with those in the ultrasound samples even being slightly 
higher in the cases of B. breve and B. infantis. In Wang and Sakakibara (1997), 
Lactobacillus viable cells decreased during ultrasound treatment but increased again 
after the ultrasound processing stopped, which suggests that the ultrasound processing 
had no effect on the propagation ability of surviving cells. However, no promotion 




















Figure 4.4. Growth of four Bifidobacterium strains during fermentation in the 
ultrasound treated and control milk. Results are expressed as mean values with 
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On the other hand, Pitt and Ross (2003) reported that low frequency ultrasound (70 
kHz) of low acoustic intensity (<2 W cm
-2
) increased the growth rate of 
Staphylococcus epidermidis, Pseudomonas aeruginosa, and Escherichia coli cells. 
 
It was suggested that the phenomenon was due to an increase in the transport rates of 
oxygen and nutrients into the cells and waste products away from the cells. In the 
current study, another mechanism can be hypothesized. The ruptured cells under 
sonication provided some components that could stimulate the growth of bacterial 
cultures, thereby speeding up the milk fermentation process. Those components might 
include, as suggested by Gaudreau et al. (2004), -galactosidase that promotes 
carbohydrate metabolism, complex proteolytic enzymes that enhance casein 
hydrolysis, and cell lysates that contain many growth factors. This proposed 
mechanism is supported by the results reported by Shah and Lankaputhra (1998), 
which showed improvement in the viability and stability of bifidobacteria and L. 
acidophilus in yogurt by the addition of ruptured cells of yogurt bacteria. Gaudreau et 
al. (2004) speeded up acidification in milk fermentations by Lactobacillus rhamnosus 
by adding crude cell extracts of Lactobacillus delbrueckii subsp. bulgaricus 11842. 
 
 
In summary, two contrary effects provided by ultrasound can be proposed. The 
positive effect is the providing of the above described three components of ruptured 
cells, while the negative effect is the decrease in viable bacteria cells. In milk 
fermentation, acidification is executed by live bacteria. A reduction in the number of 
viable bacteria cells would result in a slower acidification or fermentation process. 
Overall, ultrasonic processing can stimulate milk fermentation once the positive effect 
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is more dominant than the negative one. The stimulating factors promoted bacterial 
growth which in turn helped reduce pH faster in the ultrasound-aided fermented milk 
at the late stage of fermentation as shown above (Figure 4.3), when the number of 
bacterial cells almost matched those in the controls. 
 
4.3.2. Sugar concentrations in final fermented milk products under ultrasonic                      
processing  
     
The higher -galactosidase activity of the sonicated samples (Chapter 3) could 
be identified as a promoting factor for the fermentative activities of bifidobacteria in 
milk aided by ultrasonication. As shown in Table 4.1, it promoted lactose consumption 
in sonicated milk, which was due to both hydrolysis and transfer reactions, and 
provided more simple sugars, i.e. glucose and galactose for bifidobacterial metabolism. 
It was reported that carbohydrate utilization by a mixed yogurt
 
culture consisting of S. 
thermophilus
 
and Lactobacillus bulgaricus was more rapid when lactose in milk was 
partially
 
pre-hydrolyzed (O'Leary & Woychik, 1976). Moreover, our results are in 
agreement with those of Toba et al. (1990), Sakakibara et al. (1994), and Wang and 
Sakakibara (1997), who also studied sonication as a method of accelerating lactose 
hydrolysis in fermented milk by lactobacilli strains. 
 
Parallel to the increase in -galactosidase activity, production of oligosaccharides with 
a degree of polymerization of three (OS dp3) through a trans-galactosylation reaction 
was observed (Table 4.1). In control samples, strains BB-12 and BB-46 showed a 
stronger ability to synthesize OS dp3 as compared with B. breve and B. infantis. 
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Table 4.1. Sugar concentrations (%) in the final fermented milk. Results are expressed 




OS dp3 (%) Glucose (%) Galactose (%) 
B. breve     
CY 0.93  0.09 0 0 0.08  0.00 
UY7 1.07  0.14 0.02  0.00 0 0.10  0.00 
UY15 1.31  0.13 0.15  0.04 0 0.16  0.01 
UY30 1.84  0.13 0.35  0.07 0 0.27  0.02 
B. infantis  0   
CY 0.81  0.07 0.02 0.00 0 0.07   0.00 
UY7 1.04  0.09 0.08  0.02 0 0.09   0.00 
UY15 1.22  0.06 0.33  0.06 0 0.18   0.01 
UY30 1.77  0.07  0 0.23   0.01 
BB-12     
CY 1.54  0.21 0.28  0.02 0.10  0.01 0.34   0.01 
UY7 1.97  0.09 0.44  0.01 0.27  0.02 0.55  0.02 
UY15 2.89  0.12 0.66  0.04 0.68  0.04 0.76  0.02 
UY30 4.43  0.23 0.93  0.03 1.10  0.03 1.35  0.05 
BB-46     
CY 1.70  0.04 0.12  0.01 0.18  0.04 0.38  0.06 
UY7 3.22  0.05 0.34 0.02 0.78  0.06 1.02  0.07 
UY15 3.46  0.22 0.38  0.01 0.77  0.07 1.04   0.04 
UY30 3.10  0.20 0.39  0.01 0.62  0.05 0.98  0.05 
 
 
It appears that the capability to produce OS dp3 varies among different species of 
bifidobacteria, due to differences in the amount and trans-galactosylation activities of 
β-galactosidase isoenzymes from one species to another (Hung & Lee, 1998; 
Lamoureux et al., 2002). However, the four bifidobacteria used in this study all 
showed a higher capacity to produce OS dp3 in the fermented milk aided by high-
intensity ultrasound compared to the non-sonicated samples. On the other hand, while 
bifidobacteria are generally not highly proteolytic and amylolytic (Champagne et al., 
2005), our results showed that the action of ultrasound was helpful to milk 
fermentation by these strains when a balance was achieved between bacterial survival 
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and enzymic activity. These changes in carbohydrate characteristics might have 
enhanced the growth rate of the bacterial population during fermentation in all 
ultrasound treated samples, which was described in the previous section. 
 
The ultrasound processing had different effects on fermentative characteristics among 
the four bifidobacterial strains in milk. Ultrasound killed more strain BB-46 cells but 
reduced more lactose in the fermented milk by this culture (except in the case of UY30 
where some of the released -galactosidase by this strain seems to have been 
inactivated under the long ultrasonic processing). In the meantime, strain BB-12 
culture yielded larger amounts assumed Os dp3 under ultrasonic processing as 
compared with the other bifidobacteria under the same conditions. In terms of speeding 
up fermentation, ultrasound was more effective for the fermented milk containing B. 
infantis or B. breve (at 7 and 15 min in Figure 4.2). These different stimulating effects 
on fermentation by different strain may be attributed to two factors: (1) the survival of 
bacteria under ultrasonic processing, and (2) the amount of -galactosidase released. In 
the cases of B. breve and B. infantis, the bacteria were more resistant to 
ultrasonication, and their -galactosidase activity was lower compared with the other 
two strains. As a result, higher overall stimulation effects were produced. To obtain an 
optimal condition for producing fermented milk with all of the above desired features, 
various trials on a number of ultrasonic processing parameters and inoculums of 
individual bifidobacteria should be investigated, which is to be addressed in Chapter 6. 
Use of mixed bifidobacteria culture could be another option to achieve the above 






High intensity ultrasound was able to stimulate fermentative activities of 
bifidobacteria in milk. Effects of ultrasound processing on carbohydrate metabolism of 
bifidobacteria, which was reflected by lactose and Os dp3 concentrations, partly 
explained the changes in fermentation time and bacterial population in the fermented 
milk under sonication. High-intensity ultrasound offers a good potential for producing 









EFFECT OF HIGH-INTENSITY ULTRASOUND ON 
CARBOHYDRATE METABOLISM OF BIFIDOBACTERIA IN 





Bifidobacteria are one of the major components of intestinal flora of healthy 
human and are classified as probiotic microorganisms for many bifidobacterial species. 
During milk fermentation process, bifidobacteria, like LAB, utilize lactose and 
synthesize organic acids. Lactose is hydrolyzed by β-galactosidase to produce glucose 
and galactose, or through trans-galactosylation to synthesize galacto-oligosaccharides 
at different levels and with different intensities (Amaretti et al., 2007; Hung and Lee, 
1998; Lamoureux et al., 2002; van den Meulen et al., 2006; Rabiu et al., 2001; Roy et 
al., 2002). The key hexose metabolism pathway in bifidobacteria involves the enzyme 
fructose-6-phosphate phosphoketolase (F6PPK), and is often called the ‘bifid shunt’. 
Main organic acids in milk fermented by bifidobacteria have different impacts on 
nutritional and sensory quality of the products. While the L(+) form of lactic acid is 
regarded as an advantage for human infants because this is the physiological form 
directly utilized by humans (Marks, 2003), acetic acid contributes to vinegary taste 






Ultrasound has been extensively reported on its potential for stimulating food 
fermentation (Chang, 2005; Chuanyun et al., 2004a, 2004b; Kinley et al., 2004; Kang, 
2006; Lanchun et al., 2003b; Matsuura et al., 1994; Petel, 2003; Xiao et al., 2005; Yang 
et al., 2005; Zabaneh & Bar, 1991). This novel technique has been applied to promote 
milk fermentation by kefir species (Masuzawa & Ohdaira, 2002; Shimada et al., 2004) 
and lactobacilli (Wu et al. 2000). However, the specific mechanisms behind the 
ultrasonic enhancement of a culture's metabolism in milk fermentation have been not 
determined and remain to be revealed. In Chapter 4, ultrasound was employed 
successfully to stimulate milk fermentation by four Bifidobacterium strains at selected 
conditions. It also suggested that carbohydrate metabolism might play an important role 
in the improvement as sugars in the final fermented milk had been profoundly altered. 
Gaudreau et al. (2004) reported that the β-galactosidase activity, rather than its 
proteolytic activity, of the crude cell extracts of Lactobacillus delbrueckiii spp. 
bulgaricus 11842, appeared to be the most important element in improving the 
acidification rate of Lactobacillus rhamnosus in milk. Bifidobacteria have lower 
proteolytic activities than lactobacilli (Shihata & Shah, 2000). Therefore, to reveal the 
mechanisms responsible for the ultrasonic stimulation of bifidobacteria in milk, 
carbohydrate metabolism was focused in this Chapter. Kinetics of sugar metabolism 
and organic acid production during milk fermentation were studied. The information 
gained might be of help to describe the carbohydrate and organic acid characteristics of 






5.2. MATERIALS AND METHODS 
 
5.2.1. Inocula and preparation of fermented milk  
 
Microorganisms and preparation of fermented milk were the same as those described 
in Sections 3.2.1 and 4.2.1, respectively. 
 
5.2.2. Sampling scheme for measurements 
 
During the 24 hours of fermentation, samples were taken once every 6 hours for the 
measurement of sugars (lactose, glucose, galactose and oligosaccharides) and organic 
acids (acetic, citric, formic, hippuric, lactic, propionic, pyruvic, and orotic acids). At 
each sampling point, three independent samples were taken from every batch of 
fermented milk under every processing condition. Therefore, there were nine replicates 
of analytical data for each processing condition. 
 
5.2.3. Analytical methods 
 
Analysis of sugars in milk and fermented milk (i.e. lactose, glucose, galactose and 
oligosaccharides) was carried out following the methods described in Section 4.2.3.3 
of Chapter 4. 
 
Organic acids in milk and fermented milk were quantified using a method modified 
from that described in Donkor et al. (2007). Samples (4 g) were weighed into a 





H2SO4 were added. The mixture was mixed well using vortex mixer for two minutes 
and made up to 25 mL with 0.01 N H2SO4. The solution was centrifuged at 14,000  g 
for 20 min. The supernatant was filtered through Minisart 0.2 m membrane filter 
(Sartorius AG, Göttingen, Germany) before a HPLC analysis. Chromatographic 
separation was performed in a Waters Alliance 2695 Separation module system 
equipped with an auto-sampler and a Waters 2414 PDA detector set at 220 nm (Waters 
Corporation, Milford, MA, USA). The separation of organic acid compounds was 
carried out in a Bio-Rad Aminex HPX 87H cation exchange column connected to a 
cation H
+
 guard column (Bio Rad Laboratories Pte Ltd, Hercules, CA, USA). The 
mobile phase was 0.01 N H2SO4, and a sample volume of 20 μL was used at a flow 
rate of 0.6 ml/min at 60
o
C. Duplicate aliquots of each sample were injected into the 
HPLC system, and the results are expressed as the mean of the two runs.  
 
Peaks were identified by their retention times and confirmed by spiking with organic 
acid standards including acetic, citric, formic, hippuric, lactic, propionic, pyruvic, and 
orotic acids (Sigma-Aldrich, Inc.). The respective peak areas were used for 
quantification analysis. 
 
5.2.4. Statistical analysis 
 
Statistical analysis was carried out using Excel (Microsoft, Redmond, WA, 
USA). All results presented are means of nine replicates. The level of significance was 






5.3. RESULTS AND DISCUSSION 
 
5.3.1. Effect of high-intensity ultrasound on sugar profiles in milk fermented by 
bifidobacteria 
 
Figures 5.1 and 5.2 show typical chromatograms of sugars in the milk and 
fermented milk, respectively. After fermentation by bifidobacteria, lactose was 
converted into three major sugars, including glucose, galactose and oligosaccharide 
with degree of polymerization of three (OS dp3). 
 
The profiles of lactose, glucose, galactose and OS dp3 in the sonicated and control 
fermented milk by strain BB-46, strain BB-12, B. breve and B. infantis for the period 
of 24 h are illustrated in Figures 5.3 to 5.6, respectively. As expected, in all samples, 
the concentration of lactose decreased during the incubation while those of the other 
three sugars increased. Since the hydrolysis of lactose released glucose and galactose 
in equal amounts, lower levels of glucose as compared with galactose in all samples 
must be attributed to its subsequent consumption by the bacteria in milk. Moreover, in 
all fermented milks by the four bifidobacterias species, specially sonicated ones, the 
smaller amount of galactose as compared with the half amount of lactose consumption 
could be attributed to the utilization of this sugar for galacto-oligosaccharide synthesis 
as well as for carbon and energy.  
 
During the first 12 h of strain BB-46 fermentation, a moderate increase of glucose, 
galactose and OS dp3 and a decrease in lactose occurred in non-sonicated samples 





glucose and galactose changed slightly while that of OS dp3 kept increasing 
significantly. This implies that trans-galactosylation reaction was dominant over 
lactose hydrolysis after 12 h of fermentation by strain BB-46. This observation was 
opposite to what reported by Tzortzis et al. (2005) in which the maximal amount of 
galactooligosaccharide was obtained before galactose and glucose reached their 
highest concentrations in a lactose solution fermented by Bifidobacterium bifidum 
NCIMB 41171. Differences in strains and experimental set-up might be taken into 
account. The changes of sugars detected in the control sample of strain BB-12 showed 
similar trends to that observed with control sample of strain BB-46 (Figures 5.3 & 
5.4). B. breve and B. infantis did not produce OS dp3 in their non-sonicated samples 
(Figures 5.5 & 5.6). Both of these strains also had lower lactose hydrolyses than those 
of strains BB-12 and BB-46. As a result, the amounts of glucose were zero and lactose 
in control samples of B. breve and B. infantis slowly hydrolyzed (Figures 5.5 and 5.6). 
These results also indicate that the utilization of lactose in milk varied with the species 
of bifidobacteria. 
 
Significant differences in the sugar kinetics of the four bifidobacterial species 
attributable to the ultrasonic processing were observed. In general, ultrasound was 
associated with increasing rates of the reduction of lactose and the production of 
glucose, galactose and OS dp3, and the impact increased with an extension of 
sonication period. It resulted in a lower level of lactose and higher levels of glucose, 
galactose and OS dp3 in fermented milks of the four bifidobacteria species. The 
stimulating effects occurred immediately after fermentation started. In addition, as 
compared with non-sonicated fermentation, sugar utilization and production in all 

































































































































Figure 5.3. Comparison of sugar profiles among B. longum BB-46 fermented milks 
with and without ultrasonication during 24 hours of incubation at 37
o
C: (a) lactose; (b) 
OS dp3; (c) glucose; (d) galactose. Results are expressed as mean values with standard 
deviations (error bar), n = 9. CY – control sample, UY7 – 7 min ultrasound treatment, 















































































































Figure 5.4. Comparison of sugar profiles among B. animalis subsp. lactis BB-12 
fermented milks with and without ultrasonication during 24 hours of incubation at 
37
o
C: (a) lactose; (b) OS dp3; (c) glucose; (d) galactose. Results are expressed as mean 
values with standard deviations (error bar), n = 9. CY – control sample, UY7 – 7 min 




















































































































Figure 5.5. Comparison of sugar profiles among B. breve fermented milks with 
and without ultrasonication during 24 hours of incubation at 37
o
C: (a) lactose; (b) 
OS dp3; (c) galactose. Results are expressed as mean values with standard 
deviations (error bar), n = 9. CY – control sample, UY7 – 7 min ultrasound 



















































































Figure 5.6. Comparison of sugar profiles among B. infantis fermented milks with and 
without ultrasonication during 24 hours of incubation at 37
o
C: (a) lactose; (b) OS dp3; 
(c) galactose. Results are expressed as mean values with standard deviations (error 
bar), n = 9. CY – control sample, UY7 – 7 min ultrasound treatment, UY15 – 15 min 





































































Lactose consumptions by strain BB-46, strain BB-12, B. breve, B. infantis in UY30 
samples were 2, 4, 3, and 2.5 times, respectively, higher than those found in control 
samples (i.e. CY samples). The amounts of galacto-oligosaccharides formed in 
sonicated samples were considerably higher than those formed in control ones. The OS 
dp3 productions by B. breve and B. infantis in sonicated samples were activated and 
strongly accelerated during fermentation, while the ultrasound brought the OS dp3 
levels in UY30 of strains BB-46 and BB-12 to 3 and 3.5 folds higher than those in CY 
samples. The phenomena could be explained by that a portion of lactose was 
hydrolyzed and trans-galactosylated in the culture medium rather than in the cells 
when intracellular -galactosidase was released into the culture medium and acted as 
free enzyme under the ultrasonic processing (Toba, 1990; Wang & Sakakibara, 1997; 
Wu et al., 2000). Lactose in the culture medium ought to be consumed more easily by 
the free enzyme than by the intracellular -galactosidase due to the lack of mass 
transfer resistance from the cellular membrane. This suggests that the slow 
transportation of lactose into cells to be used by intracellular β-galactosidase might be 
another reason responsible for slow growth of bifidobacteria in milk. Therefore, 
enhancement of this transportation would improve milk fermentation by these strains 
significantly. On the other hand, in this study a strong correlation was observed 
between the ability of a strain to hydrolyze lactose for producing galactose and 
glucose, and its ability to synthesize oligosaccharides. It implies dual functions of -
galactosidase in bifidobacteria i.e. hydrolyzing and trans-galactosylating 
simultaneously. This finding is in agreement with Hsu et al. (2005), Hsu et al. (2007) 






5.3.2. Effect of high-intensity ultrasound on organic acid profiles in milk 
fermentation by bifidobacteria 
 
5.3.2.1. Organic acid characteristics in bifidobacteria  fermented milk 
 
The organic acid profile of a fermented milk is the result of both production 
and consumption activities. It is an indicator of the metabolic activity of added 
bacterial cultures. These acids act as natural preservatives and contribute to the 
characteristic sensory properties of the fermented milk (Adhikari et al. 2001). Typical 
HPLC chromatograms of organic acids in milk and fermented milks by the four 
bifidobacteria are shown in Figures 5.7 and 5.8, respectively. The organic acid changes 
by the four bifidobacteria in non-sonicated samples before and after 24 h fermentation 
is shown in Table 5.1. As observed, the characteristics of the organic acids were 
different among the fermented milks by the four bifidobacterial species. The average 
molar ratio of acetic acid to lactic acid in the fermented milk at the end of 24 h 
incubation was 2.22 for strain BB-12, 0.67 for strain BB-46, and much lower at about 
0.02 for B. breve and B. infantis. This is in agreement with many previous studies 
which demonstrated strain-dependence in producing these two main organic acids by 
bifidobacteria. Interestingly, strain BB-46 was able to secrete noticeable amounts of 
propionic acid with 24 h of fermentation at 37
o
C while neither of the other cultures did 
(Figure 5.9). There were few studies reporting that bifidobacteria could produce 
propionic acid. Adhikari et al. (2001) showed that B. longum B6 and B. longum ATCC 
15708 in set yogurt yielded propionic acid of up to 55.8 and 53.8 mg/100g, 
















     1-Orotic acid; 2- Citric acid; 3-Pyruvic acid; 4-Lactic acid; 5-Formic acid; 6-Acetic acid; 7-Hippuric acid 
 










































































































1-Orotic acid; 2- Citric acid; 3-Pyruvic acid; 4-Lactic acid; 5-Formic acid; 6-Acetic acid; 7-Hippuric acid 
 



































































































Table 5.1. Organic acid concentrations in non-sonicated fermented milk by the four bifidobacteria before and after 24 h of incubation at 37
o
C. 
Results are expressed as mean value  standard deviations, n = 9. 
 
Bifidobacteria Lactic acid Acetic acid Propionic acid Pyruvic acid Formic acid Citric acid Orotic acid Hippuric acid 
mg/g mg/g mg/g mg/100g mg/g mg/g mg/g mg/g 
0 h 24 h 0 h 24 h 0 h 24 h 0 h 24 h 0 h 24 h 0 h 24 h 0 h 24 h 0 h 24 h 
































































nd nd 0.51 ± 
0.04 
























nd nd 0.51 ± 
0.04 






















Han et al. (2005) found that propionic acid was only produced by B. bifidum in solid 
state fermentation systems (water content of media at 54.5% and 68.8%) but not in a 
submerged fermentation system (water content of medium at 89.8%). In our study, B. 
longum BB-46 could produce a large amount of propionic acid at 473 mg/100g within 
24 h of fermentation in non-sonicated fermented milk. This suggests that propionic 
acid synthesis could occur in some Bifidobacterium strains. 
 
On the other hand, B. breve and B. infantis did accumulate pyruvic acid  at 13.67 and 
9.72 mg/100g, respectively, after 24 h incubation in milk. Fernandez-Garcia & 
McGregor (1994) and Gueimonde et al. (2003) reported significant increases of 
pyruvic acid during milk fermentation by yogurt starter cultures. Increases as well as 
decreases in the concentration of this acid were observed by Adhikari et al. (2002) 
during yogurt fermentation cultured with different encapsulated and non-encapsulated 
bifidobacteria. Pyruvic acid is an important intermediate or starting metabolite in many 
metabolic pathways. Following acclimatization, the pyruvic acid present in the matrix 
is probably utilized by the bacteria to carry out their basic metabolic processes. 
Therefore, the high amount of pyruvic acid at the later stage of fermentation in our 
study might only be a temporary rather than a low metabolic activity of B. breve and B. 
infantis. Adhikari et al. (2002), Fernandez-Garcia and McGregor (1994) and 
Gueimonde et al. (2003) all showed dramatic reduction of pyruvic acid on the first day 
of yogurt storage in their studies. 
 
Organic acid production could differ at each stage of fermentation and among different 
members of the same genus (van der Meulen et al. 2006). Results of our present study 




samples), unlike lactic or acetic acids which increased from the early stage of 
fermentation, propionic acid was only found to be significant after 12 h and reached 
very large amount after 24 h (Fig. 5.9). This indicates larger amounts of this acid 
accumulated in the samples in our study as compared with those in Adhikari et al. 
(2002) where fermentation time was around 6-7 hours. In the meantime, lactic acid 
production in strain BB-12 CY samples was remarkably high in the early stage of 
fermentation (first 12 hours) while acetic acid was still produced until 18 h (Fig. 5.10). 
In comparison, lactic acid in B. breve and B.infantis samples increased gradually 
during 24 h, but pyruvic acid remained constant with minor variations during the first 
18 hours and increased later (i.e. 18 - 24 h) (Figures 5.11 and 5.12). These 
observations on the profiles of the main organic acids of the four Bifidobacterium 
strains, hence, were consistent with their corresponding sugar profiles shown in 
Section 5.3.1. 
 
Whereas the concentrations of main organic acids of each strain increased during milk 
fermentation, those of other acids (i.e. formic, citric, orotic and hyppuric) remained 
stable (Table 5.1). No formate production was observed, suggesting that the 
phosphoroclastic reaction did not occur in the metabolism of these four bifidobacteria 
(Amaretti et al., 2007). Butyric acid was also not detected in fermented milk of all 
bifidobacteria tested in our study. This result is in agreement with that in Fernander-
Gracia & McGregor (1994), but not that of Adhikari (2002) in which organic acids in 
yogurt with or without bifidobacteria were investigated. The different bacterial strains 






















Figure 5.9. Comparison of organic acid profiles among B. longum BB-46 fermented 
milks with and without ultrasonication during 24 hours of incubation at 37
o
C: (a) lactic 
acid; (b) acetic acid; (c) propionic acid. Results are expressed as mean values with 



















































































Figure 5.10. Comparison of organic acid profiles among B. animalis subsp. lactis BB-
12 fermented milks with and without ultrasonication during 24 hours of incubation at 
37
o
C: (a) lactic acid; (b) acetic acid. Results are expressed as mean values with 












Figure 5.11. Comparison of organic acid profiles among B. breve fermented milks 
with and without ultrasonication during 24 hours of incubation at 37
o
C: (a) lactic acid; 
(b) pyruvic acid. Results are expressed as mean values with standard deviations (error 


















































































































Figure 5.12. Comparison of organic acid profiles among B. infantis fermented milks 
with and without ultrasonication during 24 hours of incubation at 37
o
C: (a) lactic acid; 
(b) pyruvic acid. Results are expressed as mean value with standard deviation (error 
bar), n = 9.  
 
5.3.2.2. Effect of ultrasound on organic acid profiles 
 
It was clearly observed that the ultrasound treatments caused significant 
changes in lactic, acetic, and propionic acids produced by bifidobacteria in fermented 
milk during 24 h incubation (Figures 5.9 to 5.12). High intensity ultrasonic processing 
was effective in enhancing the reduction of lactose. However, organic acids were 
produced intracellularly, so their contents corresponded to the viable cell count. In 
Chapter 4, it was shown that some bifidobacteria cells were ruptured under ultrasound 
in the tested conditions at the beginning of milk fermentation, yet the growth of the 
remaining bacterial cells were stimulated during the fermentation. As a result, 
generally a smaller total amount of organic acids was obtained for sonicated fermented 
milk at the beginning of fermentation, but later when the number of bacteria cells 

























































higher under certain treatment conditions. For instance, total acetic and lactic acids in 
UY15 by strain BB-12 (Figure 5.10) and lactic acid in all sonicated samples by B. 
breve (Figure 5.11) and B. infantis (Figure 5.12) were higher as compared with those 
in the controls at 24 h of incubation. However, in the milk fermented by strain BB-46, 
ultrasound at all the tested conditions showed an inhibitory effect on the production of 
the main organic acids (i.e. lactic, acetic and propionic acids) during the 24 h 
fermentation: the longer the treatment time, the smaller the amounts of organic acids 
produced. It could be due to the imbalance between the number of killed bacteria and 
the increase in growth rate of the surviving bacteria in the sonicated samples. The total 
concentrations of lactic and acetic acids in UY7 and UY30 samples by strain BB-12 
were also lower as compared with those in the control samples (Figure 5.14a). This 
could be due to the same reason as described above. 
 
Ultrasonic processing decreased the ratio of acetic acid to lactic acid and the ratio of 
total acetic and propionic acids to lactic acid in strain BB-46 sonicated-samples 
(Figure 5.13).  This effect lasted during the whole fermentation period of 24 h and was 
stronger under longer ultrasound treatment. The same observation could be made in the 
ratio of acetic acid to lactic acid in strain BB-12 fermented milks (Figure 5.14b). 
Talwalkar & Kailasapathy (2003) showed that with an increase in oxygen, the lactate-
to-acetate ratio reduced in all bifidobacteria tested. In our study, ultrasound might have 
de-aerated the milk and thus provided a better environment for lactic acid production, 













Figure 5.13. Effect of ultrasonication on (a) the ratio of acetic acid to lactic acid 
concentrations, and (b) the ratio of total acetic acid and propionic acid to lactic acid 


















Figure 5.14. Effect of ultrasonication on (a) total of lactic acid and acetic acid, and (b) 
the ratio of acetic acid to lactic acid concentrations in B. animalis subsp. lactis BB-12 
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On the other hand, it should be taken into account that the presence of large amounts of 
glucose and galactose in UY fermented milk, which could result in large amounts of 
simple sugars in the bacterial cells, might be linked to the observed effects. Such an 
effect was also observed in van de Meulen et al. (2006) in which a high intracellular 
sugar concentration stimulated the lactic acid production by bifidobacteria.  
 
Overall, the study illustrated the effects of power ultrasound on significant changes of 
sugars and organic acids during 24 h of fermentation. It confirmed the hypotheses in 
Chapter 4 that increasing simple sugars such as glucose and galactose as well as 
promoting of galacto-oligosaccharide formation at the early stage of fermentation, and 
this in turn helped stimulate the growth of the bifidobacteria immediately after the 
ultrasound treatment. The drastic alteration in sugar concentrations resulted in different 
characteristics and production rate of organic acids in the sonicated fermented milks. 
These differences could be due to the fact that bifidobacteria may alter their metabolic 
pathways based upon the carbohydrates that are available for their use (Amaretti et al., 




This study investigated the effect of high intensity ultrasound on the 
carbohydrate metabolism of bifidobacteria. It demonstrates that ultrasound could open 
up a possibility to balance the ratio of acetate to lactate and the ratio of total of acetate 
and propionate to lactate in sonicated fermented milk by BB-12 and BB-46, 
respectively. These findings, together with the encouraging results in Chapter 4, make 




obtain good quality products without adding external prebiotics and -galactosidase. 
The products will be low in lactose, high in oligosaccharides and have less undesirable 














OPTIMIZATION OF ULTRASOUND-STIMULATED MILK 





High-intensity ultrasound could selectively stimulate milk fermentation by 
bifidobacteria as shown in Chapter 4. Some probiotic bacterial cells ruptured by the 
ultrasound, released intracellular enzyme β-galactosidase that promoted the hydrolysis 
of lactose and trans-galactosylation, and which subsequently enhanced the growth of 
the remaining bacterial cells in inoculated milk and speeded up the fermentation 
process. While the enhancement in lactose reduction to produce more simple sugars 
and oligosaccharides was a positive effect, the decrease in viable bacterial cells was 
considered as a negative factor in milk fermentation by bifidobacteria. Ultrasonic 
processing can improve milk fermentation when its positive effects are dominant over 
negative ones. On the other hand, in ultrasonic processing, both exposure time and 
ultrasound power are the key parameters determining the amount of ultrasonic energy 
input which imparts different results to the fermented milk. Their effects on the 
survival of several types of bifidobacteria and release of β-galactosidase were shown 
to be significant (Chapters 3 & 4), in which different ultrasonic times at an amplitude 
of 30% yielded distinctive fermentation characteristics of the bifidobacteria (Chapter 
4). Moreover, it is generally accepted that ultrasonic processing is more efficient in a 
denser environment. As a result, a large initial bacterial dose may lead to more 





the fermentative activity of bifidobacteria in milk. The overall response to these 
conflicting factors in milk fermentation of bifidobacteria still remains unclear. 
Therefore, it would be beneficial to combine the ultrasonic processing conditions 
including power and treatment time with initial inoculum load to investigate their 
effects on the milk fermentation process by bifidobacteria, and thereafter to minimize 
fermentation time using optimal ultrasonic processing conditions.   
 
Response surface methodology (RSM) is a statistical technique for the modeling and 
optimization of systems with multiple variables, which determines optimum process 
conditions by combining experimental designs with first-order or second-order 
polynomial models in a sequential testing procedure. In particular, central composite 
design is among the most widely used designs for generating a response surface. This 
methodology has been successfully applied to the optimization of enzymatic 
hydrolyses e.g. lactose hydrolysis (Aktas et al., 2006, Chen et al., 2002; Cheong et al., 
2007, Kiran et al., 2007, Panesar et al., 2008, Rodríguez-Nogales et al., 2007), 
microbial growth  (Kiviharju et al., 2007; Liu and Wu, 2007), microbial inactivation 
(Marsellés-Fontanet et al., 2009; Ye et al., 2009), and fermentation processes (Grothe 
et al., 1999; Senthilkumar et al., 2005; Tsapatsaris & Kotzekidou, 2004; Xu & Ting, 
2004). The multi-variant approach reduces the number of necessary experiments, 
improves statistical interpretation capabilities and reveals whether process parameters 
interact with each other. 
 
The aim of this chapter was to optimize milk fermentation by four species of 
bifidobacteria (i.e. B. animalis subsp. lactis BB-12 and B. longum BB-46, B. breve 





The central composite design was used to design an experimental program to provide 
data for modeling the effects of various processing variables on the milk fermentation. 
The variables chosen were ultrasound power, ultrasonication time and initial inoculum 
load. The milk fermentation process was characterized by fermentation time and 
viability of different species of bifidobacteria in the final product. In addition, the 
impact of the three processing variables on the survival of the bifidobacteria after the 
ultrasonication and the reduction of lactose concentration in the final fermented milk 
were also modeled, which helped to provide insights into the underlying stimulating 
mechanism of ultrasound on the fermentative activity of bifidobacteria in milk. The 
results enabled a better understanding of the complex interactions involved in 
ultrasound-aided milk fermentation by bifidobacteria.  
 
6.2. MATERIALS AND METHODS 
 
6.2.1. Microorganisms and preparation of fermented milk by bifidobacteria  
  
Details of the microorganisms used and the preparation method of milk 
fermented by bifidobacteria were the same as those described in Sections 3.2.1 and 
4.2.2, respectively. At each condition, the experiments were conducted in duplicate on 
separate days. From every batch, three samples were taken for analysis. 
 
6.2.2. Sampling scheme for measurements 
 
Immediately after ultrasonic processing, the number of viable cells in each 





samples. This was to examine the effects of ultrasound on the survival of 
bifidobacterial cells.  
 
At the end of fermentation (i.e. when the pH reached 4.7), the number of viable cells 
and the concentration of lactose in the fermented milk were analyzed. 
 
6.2.3. Analytical methods 
 
Viable cells of bifidobacteria during fermentation were evaluated by plate 
count in MRS agar + 0.05% L-cysteine hydrochloride at 37oC for 48 - 72 h. 
 
The HPLC method was used to determine the amount of lactose in fermented 
milk samples described in section 4.2.3.3. Degree of lactose reduction in fermented 
milk was defined as the ratio of the difference between the initial lactose concentration 
in milk, which was at 7.3 ± 0.045 (% wt), and the lactose concentration in the 
fermented milk, to the initial lactose concentration in milk. 
 
6.2.4. Mathematical Modeling 
 
6.2.4.1. Sonicated fermented milk 
 
The RSM was used to explore the relationships between independent variables 
including ultrasound power (x1), ultrasonication time (x2) and initial inoculum load 
(x3) and response variables comprised of survival of bifidobacteria after 





at the end of the fermentation between sonicated and non-sonicated fermentated milks 
(y3= Nuf/Ncf) and fermentation time to reach pH 4.7 (y4= Tu). Nu0 is the  viable cell 
number in sonicated fermented milk after ultrasonic processing; Nc0 is the initial 
inocula added in non-sonicated and sonicated fermented milks; Ncf and Nuf are viable 
cell numbers in non-sonicated and sonicated fermented milks at the end fermentation, 
respectively. Tc and Tu are fermentation time to reach pH 4.7 in non-sonicated and 
sonicated fermented milks, respectively. 
 
The relationship between the independent variables and response variables is 
described as follows (Model 1):   



















  ,   i=1, 2, 3, 4. 
(2) 
 
where bi0, bij, bijk and bijj (i = 1,…,4; j = 1,…,3; k = 1,…,3; j≠k) are model parameters. 
 
A central composite design (CCD) was employed to study the above relationships. For 
each species of the four bifidobacteria, twenty experiments were performed with the 
three independent variables at five levels each. Table 6.1 lists the actual experimental 
conditions corresponding to the designed levels, which were performed for developing 
models. The ranges for the variables were determined based on preliminary 
experimental results in Chapters 4 and 5. Each experiment was performed in duplicate 
with three samples taken from each of the duplicate batches for the microbial and 





Table 6.1. Experimental design: ranges and levels of the independent variables 
Bifidobacterium
species 
Variable Range and level 
-1.633 -1 0 1 1.633 
BB-46 Ultrasonic power, x1 
(W) 
85 100 125 150 165 
Time of exposure, x2 
(min)  
0.1 2 5 8 9.9 
Initial cell number, x3 
(108 CFU/mL)  
1.00 1.48 2.25 3.27 3.55 
BB-12 Ultrasonic power, x1 
(W) 
85 100 125 150 165 
Time of exposure, x2 
(min)  
2 5 10 15 18 
Initial cell number, x3 
(109 CFU/mL)  
0.41 0.78 1.29 1.77 2.02 
B. breve  Ultrasonic power, x1 
(W) 
85 100 125 150 165 
Time of exposure, x2 
(min)  
7 10 15 20 23 
Initial cell number, x3 
(108 CFU/mL)  
0.31 1.07 2.34 3.19 4.31 
B. infantis Ultrasonic power, x1 
(W) 
85 100 125 150 165 
Time of exposure, x2 
(min)  
7 10 15 20 23 
Initial cell number, x3 
(108 CFU/mL)  
0.32 1.11 1.98 2.90 3.57 
 
samples were taken as response values. The center point was repeated six times (i.e. a 
total of 36 samples for the center point) for estimating the repeatability of the method. 
The effect of unexplained variability induced by extraneous factors on the observed 
response was minimized by randomizing the order of experiments. Day blocks were 
assumed to have no impact on the nature and shape of the response surface.  
 
The model parameters for the linear, quadratic, and interaction terms in equations (1) 
and (2) were determined by using multiple linear regressions (MLR). The significance 
of each parameter was judged statistically by t-test. Initially, a full-term second-order 





possible, stepwise deletion of terms was applied to remove the statistically non-
significant terms and simplify the model. Quality of the model was described by root 
mean square error (RMSE) and coefficient of determination (R2). Their statistical 
significance was also checked by F-test.   
 
The MLR and all calculations were carried out by using Matlab 7.0.1 (The 
MathWorks, Inc., Natick, MA, USA). A difference was considered as statistically 
significant when p <0.05.  
 
6.2.4.2.  Non-sonicated fermented milk 
 
For non-sonicated fermented milk, models for the relationship between initial 
inoculum load (x3) and fermentation time to reach pH 4.7 (y5= Tc) are described as 
follows: 
 310355 )( xccxfTy c +===     
or 
(3) 
)log()( 310355 xccTxfy c +===  
(4) 
 
Five levels of initial inoculum load as shown in Table 6.1 were used for each 
bifidobacteria. Model performance was evaluated by calculating the R2 and RMSE 
between the actual experimental values and the model predicted values for each of the 








Optimization was performed to minimize the fermentation time of sonicated fermented 
milk. In order to assess the capability of ultrasonic processing in reducing the 
fermentation time without significantly decreasing the cell number in fermented milk 
at the end of the fermentation, a constraint of Nuf/Ncf ≥ 0.90 was imposed. 
 
The optimization problem was formulated as follows: 
 To minimize:  
),,( 32144 xxxfTy u ==  (5) 
 Subject to:  







16585 1 ≤≤ x  (7) 
bxa ≤≤ 2  (8) 
dxc ≤≤ 3  
(9) 
 
where a, b and c, d are lower and upper bounds of x2 and x3, respectively, for each of 
the Bifidobacterium species (Table 6.1). The actual optimization procedure was 





6.3. RESULTS AND DISCUSSION 
 
The effect of the combinations among the variables power of ultrasound, time of 
ultrasonic processing and cell concentration on the manufacture and properties of milk 
fermented by four bifidobacteria was evaluated. The four corresponding responses 
were survival of bifidobacteria under ultrasonic processing, lactose reduction, ratio in 
the viable cell counts in fermented milk between sonicated and non-sonicated 
conditions, and fermentation time. The responses obtained from the 20 experiments 
are shown in Tables 6.2 to 6.5 for strain BB46, strain BB12, B. breve and B. infantis, 
respectively. Coefficient estimates in the regression models for each Bifidobacterium 
are given in Appendix (Tables A1 to A4).  Model parameters and their corresponding 
statistics for each response are described below in detail. 
 
6.3.1. Mathematical models  
 
6.3.1.1. Survival of bifidobacteria under different ultrasonic processing conditions 
and various initial inoculum loads 
 
All three independent variables were found to have significant effects on the 
bifidobacterial populations in milk. In most of the cases, experimental results showed 
that an increase in each of the independent variables resulted in a lower survival rate 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In comparison, strain BB-46 was found to be more sensitive to ultrasound as compared 
with the other three bifidobacteria. B. breve and B. infantis were more resistant to 
ultrasonic waves than strain BB-12. The results are in agreement with those in 
Chapters 3 and 4. In the present study, in some cases for strain BB-12 (Table 6.3), B. 
breve (Table 6.4) and B. infantis (Table 6.5) at low ultrasonic power and short 
treatment time, the survival of bifidobacteria was more than 100%. It has been shown 
that bifidobacterial cells have the tendency to form small clumps when growing in 
liquid cultures. The observation here indicates that ultrasonic cavitation generated 
shear forces just high enough to break up bacterial agglomerates into a greater number 
of individual bacteria in a suspension at these light ultrasound treatments. These results 
are in agreement with those in a study on the effect of ultrasound treatment on Bacillus 
subtilis suspensions by Joyce et al. (2003).  It reported that bacterial declumping 
occurred at low-intensity ultrasound and a smaller number of suspended cells, yet 
bacterial killing in a suspension occurred at higher power and in larger cell numbers. 
Therefore, the overall effect of applying ultrasound is the result of a competition 
between killing and de-clumping the bacteria in the suspension. 
 
Quadratic models successfully described the relationship between the survival of the 
four bifidobacteria and the independent variables (i.e. ultrasound power, treatment time 
and initial inoculum load), as shown in Table 6.6. The full models are provided in 
Table 6.7. Although the independent variables generally had similar effects on the 
survival of all four species, the models also clearly showed some differences in their 
impacts on an individual species. The models for strain BB-46 showed that an increase 






Table 6.6. Statistics for the model parameters 
Species Response R2 RMSE F p RMSE of 
validation 
data 
BB-46 y1= Nu0/Nc0 0.9715 0.0329 85.15 1.11 × 10-7 0.0377 
y2 = Lactose 
consumption 
0.9674 0.0255 108.71 1.86 × 10-8 0.0300 
y3= Nuf/Ncf 0.9379 0.0660 20.10 2.02 × 10-4 0.0370 
y4= Tu 0.9234 1.1580 16.10 4.56 × 10-4 0.7058 
y5= Tc – Linear 
model 
0.9975 0.5350 - - - 
y5= Tc – Log 
model 
0.9782 1.0444 - - - 
BB-12 
 
y1= Nu0/Nc0 0.9419 0.0510 21.60 1.56 × 10-4 0.0236 
y2 = Lactose 
consumption 
0.9833 0.0251 147.37 7.60 × 10-6 0.0284 
y3= Nuf/Ncf 0.9879 0.0790 81.60 3.55 × 10-6 0.0216 
y4= Tu 0.9809 0.9960 128.50 1.49 × 10-8 0.6806 
y5= Tc – Linear 
model 
0.9995 0.1487 - - - 
y5= Tc – Log 
model 
0.9631 1.2854 - - - 
B. breve 
 
y1= Nu0/Nc 0.9775 0.0281 108.62 3.39 × 10-8 0.037 
y2 = Lactose 
consumption 
0.9891 0.0091 331.36 4.61 × 10-11 0.0125 
y3= Nuf/Ncf 0.9965 0.0212 710.61 3.17 × 10-12 0.0976 
y4= Tu –Model 
1 
0.9859 0.8163 125.98 4.75 × 10-8 - 
y4= Tu – Model 
2 
0.9922 0.6085 228.18 3.40 × 10-9 0.9421 
y5= Tc – Linear 
model 
0.8879 3.6061 - - - 
y5= Tc – Log 
model 
0.9990 0.3466 - - - 
B. infantis 
 
y1= Nu0/Nc0 0.9430 0.0565 41.10 3.44 × 10-6 0.059 
y2 = Lactose 
consumption 
0.9813 0.0097 192.64 8.70 × 10-10 0.009 
y3= Nuf/Ncf 0.9947 0.0183 186.39 2.05 × 10-7 0.078 
y4= Tu –Model 
1 
0.9179 1.0112 67.08 3.06 × 10-7  
y4= Tu – Model 
2 
0.9817 0.5840 71.70 1.62 × 10-6 1.221 
y5= Tc – Linear 
model 
0.8914 2.1149 - - - 
y5= Tc – Log 
model 





Table 6.7.  Final models by the RSM and MLR for the five response variables: 
survival of bifidobacteria (y1), lactose reduction (y2), ratio of viable cell counts 
between sonicated and non-sonicated fermented milk (y3), fermentation time of 
sonicated fermented milk (y4), and fermentation time of non-sonicated fermented milk 
(y5) 
 
Models for Nu0/Nc0 (y1) 
BB-46 2



















2311 0255.00008.00610.00038.01.459 xxxxy −−+−=  
B. infantis 2
3132131 0393.00012.000018.01961.01.1505 xxxxxxy −−−+=  
Models for degree of lactose consumption (y2) 
BB-46 2
1322 15.41358.00142.01234.0- xxxy +++=  
BB-12 2
1322112 00006.00249.00001.00199.00494.1 xxxxxxy −+−+−=  
B. breve 2




2132 0079.084.70003.0-0.0055 xxxxy +++=  





















































































Models for Tc  (y5) 
BB-46 
35 1600.73517.04 xy −=  
BB-12 
35 1722.114099.43 xy −=  
B. breve )log(2193.2634.5852 35 xy −=  





fermented milk. However, for the other three strains, it appeared that an enhancement 
in the number of initial cells could bring about two distinctive results in terms of 
bacterial survival. For instance, an increase in the number of initial cells of B. infantis 
from 0.32 × 108 to 2.39 × 108 CFU/mL would result in an increased survival if the 
ultrasonic power was lower than 153 W; in contrast, more bacterial cells would be 
disrupted with an increased initial inoculum load when it was more than 2.39 × 108 
CFU/mL. This behavior is reflected by the models which were well matched the 
experimental results as shown earlier. The killing effect would be increased with an 
increasing number of inoculum in the solution; however, under the condition of low 
numbers of cells and low ultrasonic power an increase in the number of viable cells 
could occur, which might be due to de-agglomeration of bacterial clusters.  
 
The survival of bacteria would have pronounced effects on the fermentation time as 




6.3.1.2. Lactose reduction 
 
In general, the degree of lactose reduction increased with all the three 
independent variables, i.e. ultrasonic power, exposure time and initial inoculum load. 
The experimental results of lactose reduction showed opposite patterns to those in the 
survival of bifidobacteria: the less the bacterial survival, the more the lactose 
reduction. This indicates a strong correlation between these two response variables, 
which is due to the fact that the disrupted cells released β-galactosidase that promoted 





cells did contribute to the reduction of lactose, but at a lower rate as compared with 
that by β-galactosidase from the disrupted cells.  
 
Table 6.7 shows the mathematical models for the reduction in lactose. All statistical 
data in Table 6.6 indicate a good fit of the second order models to the experimental 
data for the four bifidobacterial species. From the models, it is clear that similar to the 
ultrasonic power and the exposure time, increasing the number of initial cells increased 
lactose consumption of all four strains regardless if there was a reduction or an 
increase in the number of viable cells in milk after the ultrasonic processing. It prompts 
that, apart from killing and disrupting of bacterial cells to release β-galactosidase, the 
ultrasound also enhanced mass transfer through boundary layers or through cellular 
walls and membranes, which increased the rate of lactose hydrolysis or transferase 
reactions, in addition to breaking up bacterial clumps and improving the number of 
viable cells in the solution.  
 
6.3.1.3. Ratio between viable cell numbers of sonicated and non-sonicated 
fermented milk  
 
 
This response variable was to help examine whether the ultrasonic processing 
had any significant effect on the number of viable cells in the fermented milk at the 
end of fermentation. If the ratio was less than 0.90, it was considered that the 
ultrasonic processing had brought a negative impact on the milk fermentation by the 
Bifidobacterium. Oppositely, there would be an evidence for an improved growth of 
the bacteria using the ultrasonic processing if the ratio was larger than one. As shown 
in Tables 6.2 to 6.5, the ultrasound could promote the growth of the remaining 





breve and B. infantis. The increase in lactose reduction, as described in Section 6.3.1.2, 
has been suggested as one of the reasons responsible for the observed phenomenon in 
Chapters 4 and 5.   
 
Statistical analysis results pertaining to this response variable, as shown in Table 6.6, 
further support the adequate quality of the second-order model in approximating the 
response surface. As can be seen in these models, all the three independent variables 
exerted significant impacts on the response of each Bifidobacterium species. However, 
the contribution of each independent variable was again different among the bacterial 
species.  
 
6.3.1.4. Fermentation time of non-sonicated fermented milk 
 
As shown in Table 6.6, the values of R2 and RMSE indicated that linear 
equations produced better fit in modeling the fermentation time of non-sonicated 
fermented milk by strains BB-46 and BB-12. In contrast, logarithmic models were 
better in the cases of B. breve and B. infantis.  
 
6.3.1.5. Fermentation time of sonicated fermented milk 
 
The mathematical models for the fermentation time of strains BB-46 and BB-
12 sonicated fermented milk had a good fit with the experimental data (Table 6.6). As 
shown in Table 6.7, all model parameters were found to be significant in the model for 





and only one interaction term i.e. the one between the two ultrasonic processing 
variables (ultrasound power and treatment time) was found to be significant.    
 
For B. infantis, it was noted that the independent variable x2 was missing in the 
quadratic model of (x1, x2, x3) (denoted as Model 1). On the other hand, different from 
the fermentation time of the control samples y5 (i.e. Tc) for strains BB-46 and BB-12 
where linear relationships with x3 were observed, for B. breve and B.infantis 
logarithmic relationships between y5 and x3 were found as described in Section 6.3.1.4.  
Therefore, another quadratic model (denoted as Model 2) in which x3 was replaced by 






In the case of B. breve, although the earlier model (i.e. Model1) was quite adequate as 
indicated by their large R2 and small RMSE values, the above model in equation (11) 
(i.e. Model 2) is still recommended for Tu because of the similarity in its Tc as 
compared with B. infantis. Therefore, two sets of mathematical models as described in 
equations (1) & (2) and (10) & (11) were developed for the fermentation time of 
sonicated fermented milk of B. breve and B. infantis. The quality of the two models 
was compared by their power of prediction and accuracy based on their R2 and RMSE 
values. Large R2 values and small RMSE values are expected for a high-quality model. 



















respectively, than those of Model 1 for both strains. Therefore, Model 2 was chosen for 
the fermentation time of sonicated-fermented milk of B. breve and B. infantis.  
 
6.3.1.6. Model Validation  
 
For each of the models, the model outputs were plotted against the 
experimental results to verify the performance of the model, shown in Figures 6.1 to 
6.4. It can be seen that in all the cases the model predicted values were very close to 
the experimentally determined values.  
 
All of the mathematical models were further validated by additional experiments. For 
each of the models, three new levels of the independent variables were applied and the 
corresponding responses were measured. Model predicted values were again compared 
with the experimental values to evaluate the accuracy of the models (Figures 6.1 to 
6.4). 
  
Overall, mathematical models for the effects of power ultrasound on the fermentative 
characteristics of the four strains of bifidobacteria in milk have been successfully 
developed. In summary, the experimental results were in close agreement with the 
model predictions in terms of the determination coefficient and RMSE between the 
model outputs and the experimental values. The models can be used not only to 
optimize milk fermentation time by bifidobacteria, which will be shown in next 
section, but also to predict the characteristics of fermented milk under new operating 






Figure 6.1. Comparison between the experimental results and the model outputs for 











































































Model 1 Validation y=x
B. animalis subsp. lactis BB-12 (Nu0/Nc0) 
B. br ve (Nu0/Nc0) B. infantis (Nu0/Nc0) 







Figure 6.2. Comparison between the experimental results and the model outputs for 








































































Model 1 Validation y= x
B. animalis subsp. lactis BB-12 
B. breve  B. infantis 












































Figure 6.3. Comparison between the experimental results and the model outputs for 
the ratio of viable cell number between sonicated and non-sonicated fermented milk 
(Nuf/Ncf). 
 
















Experimental data  
BB-46 (Nuf/Ncf) 





















































Model 1 Validation y=x
B. animalis subsp. lactis BB-12 (Nuf/Ncf) 
. breve (Nuf/Ncf) B. i fantis (Nuf/Ncf) 







Figure 6.4. Comparison between the experimental results and the model outputs for 

















































































Experimental data (h) 
B.infantis (Fermentation time)
Model 1 Model 2
Validation y=x
B. animalis subsp. lactis BB-12 
B. breve B. infantis 





6.3.2. Optimization results 
 
 
Based on the models developed in Section 6.3.1, the fermentation time of 
sonicated-fermented milk of each of the four Bifidobacterium species can be 
minimized without any significant reduction in the number of viable cells in the final 
products. The optimization problem was formulated in Section 6.2.5 and the optimal 
conditions thus obtained are summarized in Table 6.8. In general, the optimal 
conditions for all the four bifidobacteria species were low ultrasound power, short 
exposure time and with a large number of inoculum load. Response surfaces and 
contour plots for fermentation time (y4) of sonicated-fermented milk by strain BB-46, 
strain BB-12, B. breve and B. infantis at its minimal point are shown in Figures 6.5 to 
6.8, respectively. These figures were used for the purpose of finding the combination 
of two parameters at the optimum value of the third one that lead to an optimum 
minimum fermentation time (y4).  For examples, short treated time (x2) and high 
concentration of BB-46 (x3) shorten milk fermentation process of this bacterium as 
indicated in Fig. 6.5a. As the amount of B. breve cells increased and ultrasonic power 
decreased, the fermentation time response decreased (Fig. 6.7b). The linear reduction 
in milk fermentation time by B. infantis was found in Fig. 6.8c with lower values of 
either ultrasound power (x1) or time exposure (x2).  
 
Except for strain BB-46, the shortest fermentation time correlated well with a low rate 
of bacterial inactivation by the ultrasound. More interestingly, in the case of strain BB-
12 the declumping of bacterial clusters had occurred, which increased the viable cell 





































































































































































































































































































































Figure 6.5.  Response surfaces and contour plots for B. longum BB-46 fermentation 











































































































Figure 6.6. Response surfaces and contour plots for B. animalis subsp. lactis BB-12 














































































































Figure 6.7.  Response surfaces and contour plots for B. breve fermentation time (y4) at 










































































































Figure 6.8.  Response surfaces and contour plots for B. infantis fermentation time (y4) 

































































three species (i.e. BB-12, B. breve and B. infantis) were higher than those in the 
corresponding control samples. In comparison with the minimum fermentation time of  
non-sonicated milk fermentation (which occurred at the highest initial cell number for 
every bifidobacterial strain in the present study), the minimum fermentation time of 
sonicated milk fermentation of these Bifidobacterium species were shorter. High-
intensity ultrasonic processing had stimulated milk fermentation of strain BB-12, B. 
breve, and B. infantis by reducing the fermentation time by 11%, 30%, and 36%, 
respectively. Moreover, ultrasound also remarkably improved the number of viable 
cells of B. breve and B. infantis in their final fermented milk by more than 74% and 
59%, respectively, as compared with those in the control samples.  
 
There could be two different mechanisms responsible for the above observations. In 
the case of strain BB-12, the ultrasonic processing increased the number of viable 
cells, improved mass transfer among bacterial cells, and enhanced lactose 
consumption to provide more simple sugars and galacto-oligosaccharides; thus, it 
stimulated bacterial metabolism which resulted in a shorter fermentation time. An 
increase in the biomass of strain BB-12 under the optimal condition was not observed 
as the ratio of viable cells between non-sonicated and somicated samples at the end of 
fermentation only reached 0.9. For B. breve and B. infantis, the observations were 
similar to those in Chapter 4. It was explained that the probiotic bacterial cells were 
ruptured by ultrasound and released intracellular enzyme β-galactosidase that 
promoted the hydrolysis of lactose and trans-galactosylation, and subsequently 
enhanced the growth of the remaining bacterial cells in inoculated-milk during 






For strain BB-46, the shortest fermentation time of sonicated fermented milk was 
longer (by 47%) than that of non-sonicated one. This implies that the ultrasonic 
processing did not help at all in the case of a large amount of this Bifidobacterium 
added into milk at the beginning of fermentation. Figure 6.9 shows the relationship 
between the minimal fermentation time in sonicated and non-sonicated samples with 
the upper bound (d value) of x3 (i.e. initial cell numbers). It can be seen from Figure 
6.9 that when the number of initial cells was below 2.185 × 108, the ultrasound 
processing could reduce the fermentation time. It might be explained as that a 
remarkable number of cells was killed with a large number of initial cells (i.e. x3 > 
2.185 × 108 CFU/mL) in the medium because of strain BB-46’s low resistance to 
ultrasound. For instance, 40% of the bacterial cells were disrupted under the derived 
optimal condition, therefore longer time would be needed for the smaller number of 
remaining cells to grow and produce enough organic acids to bring down the pH to 
4.7. In this case, the stimulatory effect of the ultrasonic processing on the growth of 
the remaining cells through lactose reduction could not outweigh the strong impact of 
the ultrasound on killing the bacterial cells at the beginning of fermentation. The 
opposite phenomenon, in which an increase in the growth rate of the remaining cells 
outweighed the ultrasound’s impact on cell loss, occurred with smaller numbers of 






















Figure 6.9. Minimum fermentation time of non-sonicated, (Tc)min and sonicated (Tu)min 
milk fermentation vs maximum of the initial cell number, case of B. longum BB-46.  
 
6.4. CONCLUSION 
Mathematical models have been developed using the RSM and MLR 
techniques to describe the effects of the ultrasonic processing conditions including 
ultrasound power and exposure time, and the number of added culture on the survival 
of bifidobacteria, the degree of lactose reduction, the ratio of viable cells in sonicated 
and non-sonicated fermented milks, and the fermentation time. Based on these models, 
by formulating and solving a constrained optimization problem, it was determined that 
ultrasound could speed up the fermentation process of strain BB-12, B. breve, and B. 
infantis by up to 11%, 30%, and 36%, respectively, while there was no significant 
reduction of the bacterial counts in the final product. For strain BB-46, the models 
revealed that the ultrasound’s stimulatory effect only occurred with relatively a small 
number of initial cells (i.e. < 2.185 × 108 CFU/mL). Based on these results, a 
processing procedure and the corresponding optimal conditions for manufacturing 
low-lactose fermented milk products by bifidobacteria with shorter fermentation time 






























EFFECT OF HIGH INTENSITY ULTRASOUND ON 







The term vitamin B12 is widely used to describe compounds of the cobalamin 
group. Natural forms of cobalamin compounds include adenosylcobalamin, 
methylcobalamin and hydroxocobalamin. Cyanocobalamin, vitamin B12 by definition, 
is a stable cobalamin compound, which is produced industrially but not found in 
nature. Structures of the different vitamin B12 vitamers are illustrated in Figure 7.1. 
Vitamin B12 is an essential water soluble vitamin and its deficiency results in two types 
of clinical symptoms, anaemia and neurological dysfunction. In addition, vitamin B12 
is involved in the metabolism of cells, especially affecting DNA synthesis and 
regulation, fatty acid synthesis and energy production (Quesada-Chanto et al., 1994). 
The recommended daily intake of vitamin B12 for adults is set at 2.4 to 2.8 µg/d 
(Institute of Medicine, 2000). Vitamin B12 is mainly found in animal products, 
including fish, meat, poultry, eggs, milk, and dairy products. Its typical levels in foods 
range from a few ng g−1 in dairy products and fish to hundreds of ng g−1 in liver 
(Biesalski & Back, 2004). However, vitamin B12 dietary deficiency is evident for many 
vegetarians and older people (Bates, 2003). Enhancement of this vitamin in food 









Figure 7.1. Structure of the different vitamin B12 vitamers  
(from Biesalski & Back (2004)) 
 
Bovine milk contains about 0.4 µg of vitamin B12 per 100 g, with a typical range of 
0.24–0.74 µg per 100 g (Bates, 2003). The predominant source of vitamin B12 in 
bovine milk is biosynthesized by microorganisms in the rumen. However, lactic acid 
fermentation of milk has been reported to decrease vitamin B12 concentrations (Alm, 
1982; Reddy et al., 1975; Friend et al., 1983; Rao et al., 1984; Arkbåge et al., 2003), 
most likely attributed to consumption by yogurt starter cultures. The amounts of 
decrease were different among different studies and wide variations were reported on 
the level of decrease depending on the cultures tested. Vitamin B12 content in milk 
drastically decreased during milk fermentation by Lactobacillus helveticus B-1 (Rao et 
al., 1984) but moderately reduced in yogurt production by starter cultures (Alm, 1982). 
In comparison, Arkbåge et al. (2003) reported a reduction by 40–60% in vitamin B12 
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concentration compared with the starting milk, during storage of the final yogurt 
product at 4°C for 14 days.  
Cobalamin producing-lactic acid bacteria need to be identified and employed to 
enhance this important vitamin in fermented milk. In this regard, Rasic and Kurmann 
(1983) and Deguchi et al. (1985) reported that bifidobacteria was capable of 
synthesizing vitamin B12. According to Deguchi et al. (1985), bifidobacteria from 
human origin, which include Bifidobacterium adolesentis, B. bifidum, B. infantis, B. 
longum and B. breve, produced cobalamin. Apart from propionibacteria, the 
characteristic of cobalamin production makes bifidobacteria distinctive compared to 
most other probiotics used in fermented milks, as only two other probiotic species, i.e. 
Lactobacillus reuteri CRL1098 (Santos et al., 2007; Taranto et al., 2003) and 
Lactobacillus plantarum (Madhu et al., 2010), have exhibited this rare activity. It 
offers a good potential for producing fermented milk containing natural vitamin B12 
with bifidobacteria. However, there is lack of information on the levels of vitamin B12 
in fermented milk by these probiotics.   
 
Most data in the literature on vitamin B12 in dairy products were from relatively old 
studies using a microbiological assay (MBA) which is the international AOAC method 
for the determination of vitamin B12 in food stuffs. It makes the use of Lactobacillus 
leishermanii as a test organism. The assay is highly sensitive but lacks specificity 
especially when it comes to some food matrices where the presence of cobalamin can 
inactivate the microorganism used in the MBA (Heudi et al., 2005 and 2006). It is also 
tedious, time-consuming and has low precision (Chen et al., 2006). Recently, HPLC-
UV methods have been successfully applied as an alternative to the MBA for the 
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analysis of B12 in food samples, especially dairy products (Albalá- Hurtado et al., 
1997; Heudi et al., 2006; Campos-Gimenez et al., 2008; Wyk & Britz, 2010). 
 
The stimulatory effects of ultrasonication in enhancing live biological systems are well 
established (Schläfer et al., 2000; Liu et al., 2001; Pitt & Ross, 2003). One of the 
examples is the enhancement of growth rate of Anabaena flos-aquae, a 
cyanobacterium upon daily exposure to ultrasound for 5 minutes (Francko et al., 1990 
and 1994). The stimulation of secondary metabolite production of plant cells by 
ultrasound without a reduction in net biomass yield was extensively reported (Lin et 
al., 2001; Ye et al., 2004; Wang et al., 2006). An increase in the riboflavin production 
of Ecemothecium ashbyii under low-frequency ultrasound (18, 20, 24, 28 and 30 kHz) 
was documented (Chuanyun et al., 2003). The study also highlighted that at an 
ultrasound frequency of 24 kHz the fermentation time was shortened by 36 h and the 
production rate of riboflavin was increased by about 5 times compared with the control 
groups.  
 
This study aimed to investigate vitamin B12 levels in fermented milk by four 
bifidobacteria and examine if high-intensity ultrasound processing affected its 
production. A HPLC-UV method was adapted to analyze vitamin B12 in the starting 
milk and the fermented milk with and without ultrasonication. To our knowledge, this 
study is the first one to present data on vitamin B12 concentrations in fermented milk 




7.2. MATERIALS AND METHODS  
 
7.2.1. Microorganisms and fermented milk production 
 
Details of the four Bifidobacterium species used were the same as those 
described in Section 3.2.1. 
 
The preparation of non-sonicated (denoted CY) and sonicated fermented milk (denoted 
UY) was performed as described previously in Section 4.2.2. For sonicated samples, 
two amplitudes of ultrasonic processing at 30 and 50% (corresponding to 100 W and 
125 W, respectively) were conducted, and at each amplitude two periods of exposure 
time were used including 5 and 15 min, respectively. The mild ultrasonic energies 
were selected with attempt to investigate vitamin B12 production of bifidobacteria 
during milk fermentation which was stimulated or not much inhibited by ultrasonic 
processing. The fermentations were conducted in triplicate, at 37 °C until the pH 
reached 4.7. The applied conditions and sample denotation are shown in the Table 7.1. 
Table 7.1. Ultrasonic conditions for preparation of sonicated fermented milk  
Amplitude 
(%) 
Time of treatment 
(min) 
Sample Denotation 
30 5 UY5-A30 
30 15 UY15-A30 
50 5 UY5-A50 
50 15 UY15-A50 
 
7.2.2. Vitamin B12 analysis 
 





Cyanocobalamin (C3607) was obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Standard solutions in the range of 4 to 200 ng mL−1 in 0.1 M sodium acetate 
buffer, pH 4.5, were prepared from a stock solution of cyanocobalamin (0.1 mg mL-1) 
which was stored at −20°C and used within one month after preparation. 
 
Pepsin from porcine stomach mucosa (P-7000) from Sigma-Aldrich Inc. (St. Louis, 
MO, USA) was dissolved in deionised water to give a concentration of 1 g mL-1. To 
correct for vitamin addition from enzyme suspension, an enzyme blank was used in 
each analysis. 
 
A 0.1 M sodium acetate buffer, pH 4.5, was used as extraction buffer. This extraction 
buffer was stored at 4°C and used within one week. 
 
A stock solution of 0.1% potassium cyanide solution was prepared from powder, 
stored at room temperature, and used within one week. 
 
(b) Mobile phase 
 
In preparation of the mobile phase, 2.588 g of 1-octanesulfonic acid sodium 
salt (Sigma-Aldrich Inc., St. Louis, MO, USA) was dissolved in 1900 mL of HPLC 
water (Sartorius Water System, 18.2 MΩ cm-1) to prepare a solution at 5.98 mM of the 
salt. Forty mL of glacial acetic acid and 13.4 mL of triethylamine were then added to 
the solution to make its pH at 3.82 ± 0.01. The pH of the solution was checked with a 
pH meter (744 Metrohm, Herisau, Switzerland). The solution was transferred to a 2.0 
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L-volumetric flask and filled to the mark with HPLC water. The solution was then 
filtered through a 0.45 µm membrane. In a HPLC run, the above aqueous solution and 
pure methanol were combined at the ratio of 86:14 (v/v).  
 
7.2.2.2. Extraction procedure 
 
In the present study, the extraction protocol that was modified from Heudi et al. (2006) 
was based on a combination of acid digestion and enzymatic extraction to release 
vitamins from a food matrix. Eighty g of fermented milk were freeze dried to collect 
about 12 g of dried samples which were then placed into a conical flask and mixed 
with 20 mL of acetate buffer (pH 4.5) containing 0.1% potassium cyanide. The conical 
flasks were covered with aluminum foil and autoclaved at 121°C for 30 minutes. After 
cooling, the samples were added to pepsin and were incubated in a water bath at 37°C 
for 3 hours with constant shaking. After cooling, the samples were added to pepsin and 
were incubated in a water bath at 37°C for 3 hours with constant shaking. After the 
enzyme incubation, the samples were placed in a water bath at 90°C for 10 minutes to 
inactivate the enzyme. Following cooling, the samples were transferred into a 25 mL-
volumetric flask and made up with acetate buffer. The samples were then centrifuged 
at 6,037 × g at 4°C for 20 minutes. The supernatant from each tube was collected and 
filtered with 0.2 µm chromatographic filter into HPLC amber vials, and analyzed with 
a HPLC. The extractions were performed under subdued light.  
 
To optimize the extraction procedure, different pepsin concentrations were 
experimented to find the appropriate amount of pepsin needed for an efficient 
extraction. Five levels from 0.2 to 1.2 g of pepsin (for 12 g of freeze dried sample) 
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were studied to optimize the yield of vitamin B12 from fermented milk samples. 
Enzyme blanks were included to correct for vitamin B12 present in the enzyme 
suspension.  
 
Fermented samples were extracted in triplicate. For the optimization studies, samples 
were extracted and analyzed also in triplicate.  
 
7.2.2.3. HPLC analysis   
 
After the extraction and conversion to cyanocobalamin, vitamin B12 was 
determined using a HPLC method as described in Albalá- Hurtado et al. (1997) with 
some modifications and was expressed in ng per unit gram of fermented milk.  
 
Chromatographic separation was performed in a Waters Alliance 2695 Separation 
module system equipped with an auto-sampler and a Waters 2414 PDA detector set at 
361 nm (Waters Corporation, Milford, MA, USA). The separation of vitamin B12 was 
carried out in a reversed-phase C18 column (250 × 4.6 mm; 5 µm particle size; Waters 
Corporation, Milford, MA, USA) with a RP C18 guard cartridge (20 × 4.6 mm; 5 µm 
particle size; Waters Corporation, Milford, MA, USA). An isocratic elution using the 
mobile phase consisting of 5.98 mM 1-octanesulfonic acid sodium salt with 0.018 M 
trimethylamine reagent (as described in Section 7.2.2.1 (b)) and methanol with a ratio 
of 86:14 (v/v) was selected for separation. A sample volume of 60 µL was used at a 




Vitamin B12 peak was identified by comparing the samples’ retention time and their 
spectra with those of external vitamin B12 standard, and confirmed by spiking. The 
respective peak height was then used for quantitative analysis.  
 
7.3. RESULTS AND DISCUSSION 
 
7.3.1. Method validation 
 
The specificity of a method is defined as the ability to discriminate the analyte 
from potential interfering substances. A representative chromatogram of vitamin B12 
extracted from fermented milk (Figure 7.2) accompanied with chromatograms of 
external vitamin B12 standards (Figure 7.3) show that no obvious interference was 
observed in the separation of this vitamin from the fermented milk matrix. The spectra 
of external standard cyanocobalamin and vitamin B12 peak in the samples are also 
illustrated in Figures 7.2 and 7.3. The results indicate an excellent specificity of the 
method for the determination of vitamin B12.  
 
Linearity was studied over the concentration range of 4–200 ng mL−1 for vitamin B12.  
A high correlation coefficient (R2= 0.9995) was obtained by least-square regression 
analysis (Figure 7.4). The limit of detection (LOD) and the limit of quantification 
(LOQ), which were defined at the signal-to-noise ratio of 3:1 and 10:1, respectively, 
were 1.2 ng mL−1 and 4.0 ng mL−1, respectively. The method enabled quantification of 













Figure 7.2. Chromatograph (at 361 nm) and spectrum for the determination of vitamin 










































































































Figure 7.4. Standard curve of cyanocobalamin detection by the HPLC method 
 
The recovery rate of the method was determined by spiking milk and fermented milk 
samples with three different known amounts of vitamin B12. From the concentrations 










where Cs is concentration of vitamin B12 in spiked sample; Cn is concentration of 
vitamin B12 in the unspiked sample; Ca is concentration of vitamin B12 added in the 
spiked sample.  
 
The recovery rates ranged between 93.5 and 108% (Table 7.2). The results showed that 




To determine the precision of the proposed method, nine replicates at each of three 
vitamin concentrations (from low to high) in single analytical run through a period of 
one month were analyzed. Three of the nine replicates were run on a single day. The 
coefficients of variation (CV) for intra-day and inter-day were calculated. The average 
intra-day CV was 3.54 % whereas that for  inter-day was about 5.95%.  
 




7.3.2. Optimization of extraction procedure 
 
As vitamin B12 exists in various forms and at low concentrations (< 1 µg 100g-1 
for dairy products, Lebiedzińska et al., 2007), the efficiency of an extraction procedure 
and the preparation of samples are very important (Heudi et al., 2006). The optimum 
pH for vitamin B12 to be stable is at pH 4.0-5.0. It decomposes when exposed to severe 
alkaline and acid conditions, UV or strong visible light, and oxidizing agents. Addition 
of potassium cyanide, usually in a ratio of 1:107 on molar basis for vitamin B12 and 
potassium cyanide, during sample treatment prior to quantification, converts the native 
vitamin forms into cyanocobalamin. This offers an advantage during the quantification 
Samples Concentration 
in samples 
(Cn, ng g−1) 
Known 
concentration 
(Ca, ng g−1) 
Concentration 
found 
(Cs, ng g−1) 
Recovery 
(%) 
Milk 3.65 2 5.52 93.5 
5 8.47 96.4 
10 13.72 100.7 
Fermented 
milk 
5.55 2 7.71 108.0 
5 10.31 95.2 
10 15.82 102.7 
Chapter 7 
154 
step since the problem of different affinities to individual forms of the vitamin is 
reduced.  
 
Furthermore, vitamin B12 in dairy products exists in both free and bound forms, 
therefore, it is necessary to release the bound vitamin B12 from complexing proteins. 
The steps to hydrolyse the phosphorylated forms and those bonded to proteins using 
enzymatic treatments with proteases such as pepsin or papain can be proposed. 
Following the protocol proposed by Pakin et al. (2005) and Heudi et al. (2006), pepsin 
digestion was applied in the present study. Various amounts of pepsin were attempted 
to determine the highest yield of vitamin B12 from fermented milk samples. The results 
are given in Table 7.3. It can be seen that, at pepsin amounts of 0.8 to 1.2 g (for 75 g of 
fermented milk), the concentrations of vitamin B12 obtained were significantly higher 
than those under other conditions. It indicates that adding pepsin was essential to 
quantify total vitamin B12 from the matrix of fermented milk. No significant difference 
was found between the vitamin B12 concentrations at between 0.8 and 1.2 g pepsin 
(p<0.05). Therefore, the amount of 1.0 g pepsin was selected for the final extraction 
procedure.      
 
Table 7.3. Concentration of vitamin B12 in fermented milk sample at various 
concentration of pepsin 
 
Amount of pepsin (g) Concentration of Vitamin B12 (ng g-1) 
0.20  ± 0.00 2.71 ± 0.06 
0.42  ± 0.01 3.42 ± 0.04 
0.80  ± 0.01 5.46 ± 0.07 
1.00 ± 0.06 5.55 ± 0.11 




7.3.3. Effect of high intensity ultrasound on the concentration of Vitamin B12 in 
the fermented milk by bifidobacteria  
 
Table 7.4 presents the levels of vitamin B12 in the samples before and after 
fermentation of the four Bifidobacterium species, i.e. strain BB-46, strain BB-12, B. 
breve and B. infantis, respectively.  
 
The levels of vitamin B12 in the 15% of recombined skim milk medium prior to 
inoculation were 3.52 ± 0.13 to 3.76 ± 0.14 ng g-1. The results were in agreement with 
other literature values (Arkbåge et al., 2003; Rao et al., 1983) reporting the contents of 
vitamin B12 at about 3.1 – 4.5 ng g-1 in whole bovine milk fluid or 32 – 40 ng g-1 in 
bovine skim milk powder.  The levels of vitamin B12 in the milk inoculated by strain 
BB-46, strain BB-12, B. breve and B. infantis before fermentation were increased to 
4.75 ± 0.13, 4.05 ± 0.11, 4.42 ± 0.06, and 4.38 ± 0.07 ng g−1, respectively. Presumably 
this was due to vitamin B12 contributed by the inclusion of the Bifidobacterium strains 
in the skim milk medium. This suggests that vitamin B12 was synthesized 
intracellularly and accumulated inside the bacterial cells. Lysis of cells during 
extraction and ultrasonication thereby helped extract this secondary metabolite into the 
medium. The four bifidobacteria subsequently continued producing cobalamin during 
milk fermentation (Table 7.4). The bifidobacteria examined in the current study all 
synthesised cobalamin. This finding confirmed the vitamin B12 producing capability of 
bifidobacteria as reported by Deguchi et al. (1985). However, they reported the levels 
of vitamin B12 generated by bifidobacteria in medium broth ranging from 0.35 to 0.65 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































bifidobacteria produced during their fermentation were higher, from 0.48 ± 0.06 to 
0.85 ± 0.09 ng g-1. Differences in Bifidobacterium species and inoculating medium 
might result in some changes in generating cobalamin. Among the four bifidobacteria 
in the present study, B. infantis appeared to be the best vitamin B12 producer during 
milk fermentation while BB-12 produced the lowest. This further demonstrates that the 
Bifidobacterium species used in fermented milk products can influence the cobalamin 
content of the product. Obviously, selecting cultures is one of the critical factors to 
enhance the final vitamin B12 concentration in fermented milk products (Arkbåge et al. 
2003; Cerna & Hrabova, 1977). Our study showed that increasing cobalamin levels in 
fermented milks by bifidobacteria is possible. However, it is worth noting that the 
vitamin B12 levels in the fermented milk remained relatively low in comparison with 
Lactobacillus reuteri, one of the probiotic LAB, which could produce larger amounts 
of vitamin B12 in whey (58 to 115 ng mL−1; Hugenschmidt et al., 2010) and in 
fermented milk by co-cultured with yogurt starter cultures (7.8 ng mL-1; Bruinenberg et 
al., 2006).   
 
Ultrasonic processing did not cause any significant losses in vitamin B12 contents in 
the inoculated milk under various treatment conditions. In contrast, it altered the level 
of vitamin B12 in the fermented milk at the end of fermentation. In the case of strain 
BB-46, ultrasound increased slightly vitamin B12 in the UY5-A30, UY15-A30, and 
UY15-A50 samples, but boosted its content by about 25% in the UY5-A50 samples. In 
comparison, ultrasonication at the amplitude of 50% for 15 min, but not under other 
conditions, enhanced significantly the amount of vitamin B12 produced by strain BB-






sonicated fermented milk by both B. breve and B. infantis strains as compared to the 
control ones.  
 
Figures 7.5 to 7.8 illustrate the changes of vitamin B12 from milk to final fermented 
milk products. As compared with the amounts of vitamin B12 in the original 
recombined skim milk medium, bifidobacteria individually could increase it by to - 
which 156.3 ± 6.3%  (strain BB-46), 127.6 ± 5.9 %   (strain BB-12), 140.2 ± 3.5% (B. 
breve), and 141.3 ± 3.3% (B. infantis). With the ultrasound processing, strain BB-46, 
strain BB-12, B. breve and B. infantis could increase the vitamin B12 levels in their 
fermented milk by approximately 195.5 ± 3.6%, (UY5-A50), 157.2 ± 3.1% (UY15-
A50), 153.5 ± 2.1% (UY5-A50), and 159.8 ± 4.3% (UY15-A50), respectively.  
 
In our study, the increase in vitamin B12 under ultrasonic processing did not correlate 
with either the number of viable cells of the Bifidobacterium in the fermented milks or 
the time of fermentation individually. Despite similar fermentation time corresponding 
with lower cell viability in the final sonicated products, there was no drop in the 
content of vitamin B12 in the UY15-A30 samples of strain BB-46 but a remarkable 
enhancement of this vitamin was noticed in the UY15-A50 samples of strain BB-12. In 
comparison with the non-sonicated fermented milks, all sonicated samples of B. breve 
and B. infantis with shorter fermentation time and larger cell numbers in the final 
products had slightly higher concentrations of vitamin B12.  
 
Vitamin B12 production was closely correlated with cell growth. Improvement of 






Propionibacterium  spp. was extensively reported (Miyano & Shimizu, 2000; Ye et al., 
1996; Wang et al., 2010). The acceleration in the growth rate of the surviving 
bifidobacteria in sonicated samples as shown previously in Chapter 4, therefore, could 
account for the enhancement of vitamin B12 under ultrasonication in the present study. 
Lin et al. (2001) reported that ultrasound stimulated the biosynthesis of secondary 
metabolites, the ginsenoside saponins of ginseng cells, increasing the total saponin 
content of the cell by up to 75%. They also showed that the growth and viability of 
ginseng cells were usually depressed immediately after the exposure to ultrasound, but 
recovered gradually to levels similar to those of a normal culture in a few days. As a 
result, increases in saponin corresponded well with enhancement in the growth rate of 
cells. The application of ultrasound to cell suspension cultures induced energy-intense 
hydrodynamic events such as acoustic cavitation and microstreaming, which caused 
mechanical damage and shear stress to the cells. The same research group later found 
that ultrasound could act as a potent abiotic elicitor to induce the defense responses of 
plant cells and to stimulate secondary metabolite production in plant cell cultures (Wu 
& Lin, 2002a). With the same perspective, Ye et al. (2004) showed that pulsed electric 
field induced a defense response of plant cells and increased intracellular accumulation 
of taxuyunnanine from Taxus chinensis cells. Ultrasound also caused a rapid increase 
in the intracellular levels of phenolics enzymes which were considered as a part of 
plant stress responses to a mechanical stimulus (Wu & Lin, 2002b). Although there is a 
distinct gap between prokaryotic cells and plant cells as well as their corresponding 
metabolisms, they still provide useful information to partly support the findings in the 
present study. On the other hand, ultrasonic waves likely not only kill bacterial cells 
































Figure 7.6. Enhancement of vitamin B12 concentration in fermented milk by B. 








CY 100.0 134.9 156.3
UY5-A30 100.0 134.4 172.7
UY15-A30 100.0 127.6 165.9
UY5-A50 100.0 134.1 195.5




























CY 100.0 114.1 127.6
UY5-A30 100.0 115.2 121.7
UY15-A30 100.0 114.1 128.2
UY5-A50 100.0 115.8 143.1
































CY 100.0 117.6 140.2
UY5-A30 100.0 116.5 145.7
UY15-A30 100.0 119.4 150.0
UY5-A50 100.0 114.9 158.5






























CY 100.0 119.0 141.3
UY5-A30 100.0 117.7 145.9
UY15-A30 100.0 119.3 158.7
UY5-A50 100.0 117.4 148.6




























and alleviate the feedback regulation of vitamin B12 biosynthesis (Chuanyun et al., 
2003; Zhao et al., 2005).  
 
To sum up, the stimulation of the synthesis of vitamin B12 by ultrasound resulted from 
an enhancement in the growth rate of the culture. This enhancement appeared to be due 
to not only a mass transfer effect but also the physiological activity of cells stimulated 
by the ultrasound. Details of the underlying mechanisms remain unclear. As the 
metabolism of vitamin B12 synthesis by bifidobacteria is still not well understood (Lee 





This study is the first to report on the level of vitamin B12 produced in milk 
fermented by bifidobacteria and the effects of ultrasound on it. The use of 
bifidobacteria in the production of fermented milks enhanced the amount of vitamin 
B12. Ultrasound processing promoted further this capability of the four examined 
Bifidobacterium species. This present study, together with results from other studies, 
demonstrated the necessity and importance of carefully selecting cultures and 
optimizing process conditions for milk fermentation since they profoundly influence 











The aim of this research was to study the interaction of high intensity 
ultrasound and fermented milk matrix of the four different species of Bifidobacterium 
(i.e. B. breve ATCC 15700, B. infantis, B. animalis subsp. lactis BB-12, and B. longum 
BB-46 and to derive a novel method using high intensity ultrasound to stimulate milk 
fermentation by the Bifidobacteria. The main conclusions obtained from this study are 
summarized below. 
 
High-intensity ultrasound disrupted the cells and released intracellular β-galactosidase 
of the four bifidobacteria. The impacts were different, depending on ultrasonic 
amplitude, exposure time, and Bifidobacterium species.  
 
The stimulated fermentative activities of the four Bifidobacterium species in milk by 
this technique were investigated. It was found that the applied ultrasound could reduce 
fermentation time for samples with B. infantis, B. breve ATCC 15700, and strain BB-
12, but not for strain BB-46. Viabilities of the first three species at the end of 
fermentation were comparable to the control. The lower the concentration of lactose, 
the higher the amount of oligosaccharides with a degree of polymerization of three (OS 




Kinetics of sugars and organic acids during milk fermentation were investigated to 
elucidate mechanisms responsible for the ultrasonic stimulation of the bifidobacteria in 
milk. Lactose reduction and glucose, glactose and OS dp3 production of the four 
bifidobacteria were significantly increased in the sonicated fermented milk in 
comparison with the controls. Changes in the organic acid profiles of the 
Bifidobacterium species during milk fermentation were also observed. The 
ultrasonication stimulated the production of major organic acids at the later stage of the 
milk fermentation by strain BB-12, B. breve, and B. infantis, respectively, while it 
decreased the ratio of acetic acid to lactic acid and the ratio of total of acetic and 
propionic acids to lactic acid in strains BB-12 and BB-46 samples, respectively. 
 
The study further investigated the interactive effects of ultrasonic processing 
parameters (power and exposure time) and initial inoculum load of the four 
Bifidobacteria on the fermentation profile of fermented milk (i.e. survival of 
bifidobacteria after ultrasonication, lactose reduction and final viable cell count in the 
fermented milk, and fermentation time). Using response surface methodology, the 
system was successfully modeled and the fermentation time was subsequently 
minimized. Ultrasound demonstrated its power in reducing the fermentation time 
without causing any significant loss of viable cell counts in the final fermented milk of 
strain BB-12, B. breve and B. infantis, respectively, for which the optimal fermentation 
time was 10.67, 12.83 and 12.87 h, respectively. For strain BB-46, the ultrasound 
processing succeeded only in the case of a small initial inoculum load.  
 
Interestingly, use of ultrasound in the production of fermented milks by the four 
bifidobacteria could enhance the production of a secondary metabolite i.e. vitamin B12 
Chapter 8 
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which is an essential water soluble vitamin to human. As compared with the amounts 
of vitamin B12 in the original recombined skim milk medium, the tested 
Bifidobacterium species could individually increase its level to 151% (BB-46), 124% 
(BB-12), 144% (B.breve), and 142% (B.infantis). Under the high-intensity ultrasound, 
the vitamin B12 levels in the fermented milk by strain BB-12, BB-46, B. breve and B. 
infantis were further increased to approximately 188%, 153%, 163%, and 161%, 
respectively. The mechanism by which the ultrasound stimulated vitamin B12 synthesis 
of the bifidobacteria remains unknown. 
 
In conclusion, high-intensity ultrasound processing offers a good potential for 
efficiently producing fermented milk containing bifidobacteria in short time, which has 
larger amounts of oligosaccharides, lower concentrations of lactose and higher levels 
of vitamin B12. The research results demonstrated both the prospect and the necessity 




A study on the stability of the bifidobacteria in sonicated-fermented milks 
during storage and under gastric juice and bile salt solution conditions can be carried 
out to further reveal the effects of the high-intensity ultrasound processing on 
fermented milk products with the bifidobacteria. 
 
The mechanism(s) by which the ultrasound stimulated vitamin B12 synthesis of the 




Furthermore, the current research focused on four Bifidobacterium species 
individually. As different species and strains have distinctive ultrasonic responses, it is 
therefore of interest to look into the stimulatory effects of ultrasound on the milk 
fermentation by bifidobacteria in a co-culture environment, e.g. with yogurt starter 





Adekunte, A., Valdramidis, V.P., Tiwari, B.K., Slone, N., Cullen, P.J., Donnell, C.P.O, 
Scannell, A. Resistance of Cronobacter sakazakii in reconstituted powdered infant 
formula during ultrasound at controlled temperatures: A quantitative approach on 
microbial responses . International Journal of Food Microbiology. 2010, 142, 53-59. 
 
Adhikari, K., Grün, I. N., Mustapha, A., & Fernando, L. N. Changes in the profile of 
organic acids in plain set and stirred yogurts during manufacture and refrigerated 
storage. Journal of Food Quality. 2002, 25, 435 – 451. 
 
Aires, J., Anglade, P., Baraige, F., Zagorec, M., Champomier-Vergès, M.C., and Butel, 
M.J. Proteomic comparison of the cytosolic proteins of three Bifidobacterium longum 
human isolates and B. longum NCC2705. BMC Microbiology. 2010, 10, 29.  
 
Ahn, J.B., Hwang, H.J., Park, J.H. Physiological responses of oxygen-tolerant 
anaerobic Bifidobacterium longum under oxygen. Journal of Microbiology & 
Biotechnology. 2001, 11, 443–51. 2001. 
 
Akahoshi, R., and Takahashi, Y. Yoghurt containing Bifidobacterium and process for 
producing the same. PCT-International Patent Application. 1996, WO 96/37113 A1 
(cited from FSTA 1997-08-P0149).  
 
Akalin, A. S., Fenderya, S., and Akbulut, N. Viability and activity of bifidobacteria in 
yoghurt containing fructooligosaccharide during refrigerated storage. International 
Journal of Food Science & Technology. 2004, 39, 613–621. 
 
Aktaş, N., Boyacı, İ. H., Mutlu, M. Abdurrahman Tanyolaç. Optimization of lactose 
utilization in de-proteinated whey by Kluyveromyces marxianus using response surface 
methodology (RSM). Bioresource Technology. 2006, 97, 2252-2259. 
 
Albalá-Hurtado, S., Veciana-Nogués, M. T., Izquíerdo-Pulido, M., and Mariné-Font, A. 
Determination of water-soluble vitamins in infant milk by high performance liquid 
chromatography. Journal of Chromatography A. 1997, 778, 247-253. 
 
Albu, S., Joyce, E., Paniwnyk, L., Lorimer, J.P, and Mason, T.J. Potential for the use 
of ultrasound in the extraction of antioxidants from Rosmarinus officinalis for the food 
and pharmaceutical industry. Ultrasonics Sonochemistry. 2004, 11, 261-265. 
 
Allgeyer, L.C., Miller, M.J., Lee, S.Y. Sensory and microbiological quality of yogurt 
drinks with prebiotics and probiotics. Journal of Dairy Science. 2010, 93, 4471-4479. 
 
Alm, L. Effect of fermentation on B-vitamin content of milk in Sweden. Journal of 
Dairy Science. 1982, 65, 353 – 359.  
 
Álvarez, I, Mañas, P., Virto, R., Condón, S. Inactivation of Salmonella senftenberg 
775W by ultrasonic waves under pressure at different water activities. International 
Journal of Food Microbiology, 2006, 108, 218–225.  
 
168 
Amaretti, A., Bernardi, T., Tamburini, E., Zanoni, S., Lomma, M., Matteuzzi, D. and 
Rossi M. Kinetics and Metabolism of Bifidobacterium adolescentis MB 239: Growing 
on Glucose, Galactose, Lactose, and Galactooligosaccharides. Applied and 
Environmental Microbiology. 2007, 73, 3637–3644.  
 
Ananta, E., Voigt, D., Zenker, M., Heinz, V. and Knorr, D. Cellular injuries upon 
exposure of Escherichia coli and Lactobacillus rhamnosus to high-intensity ultrasound. 
Journal of Applied Microbiology. 2005, 99, 271 – 278.   
 
Arkbåge, K., Witthöft, C., Fondén, R., and Jägerstad, M. Retention of vitamin B12 
during manufacture of six fermented dairy products using a validated radio protein-
binding assay. International Dairy Journal. 2003, 13, 101-109. 
 
Ashokkumar M. The characterization of acoustic cavitation bubbles – An 
overview   Ultrasonics Sonochemistry. 2011, 18, 864 – 872.   
 
Avvaru, B., Pandit, A. B. Oscillating bubble concentration and its size distribution 
using acoustic emission spectra. Ultrasonics Sonochemistry. 2009, 16,105-115. 
 
Bar, R. Ultrasound-enhanced bioprocesses: cholesterol oxidation by Rhodococcus 
erythropolis. Biotechnology and Bioengineering. 1988, 32, 655–663.  
 
Barboza, M., Sela, D. A.,  Pirim, C., Cascio, R. G. L., Freeman, S. L., German, J. B., 
Mills, D. A. and Lebrilla, C. B.. Glyco-profiling. Bifidobacterial Consumption of 
galacto-oligosaccharides by mass spectrometry reveals strain-specific, preferential 
consumption of glycans. Applied and Environmental Microbiology. 2009, 75, 7319–
7325. 
 
Bates, C. J. Cobalamins: Physiology. In Encyclopedia of Food Sciences and Nutrition 
(2nd Edition). Ed. by Caballero, B., Trugo, L., and Finglas, P. M. Elsevier Science Ltd. 
2003, 1427 – 1431.  
 
Becker, T., Mitzscherling, M., and Delgado, A. Ultrasonic velocity—a non-invasive 
method for the determination of density during beer fermentation. Engineering in Life 
Sciences. 2001, 1, 61–67. 
 
Becker, T., Mitzscherling, M. and Delgado, A. Hybrid data model for the improvement 
of an ultrasonic-based gravity measurement system. Food Control. 2002, 13, 223–233.  
 
Behrend, O. and Schubert, H. Influence of hydrostatic pressure and gas content on 
continuous ultrasound emulsification. Ultrason. Sonochem. 2001, 8, 271–276.  
 
Benedito, J., Carcel, J. A., Gonzalez, R. and Mulet, A. Application of low intensity 
ultrasonics to cheese manufacturing processes. Ultrasonics. 2002, 40, 19-23.   
 
Bezenger, M. C., Odinot, J. M., and Seimandi, C. Improvement of growth of 




Biesalski, H. K. and Back, E. I. Vitamins: vitamin B12, nutritional significance. In 
Encyclopedia of Dairy Sciences. Ed. by Roginski, H. Elsevier Ltd. 2004, 2721-2726.  
 
Bochu, W., Lanchun, S., Jing, Z., Yuanyuan, Y. and Yanhong, Y. The influence of 
Ca2+ on the proliferation of S. cerevisiae and low ultrasonic on the concentration of 
Ca2+ in the S. cerevisiae cells. Colloids and Surfaces B: Biointerfaces. 2003, 32, 35-42.  
 
Bockelmann, W., Hoppe-Seyler, T. and Heller, K.J. Purification and characterization 
of an endopeptidase from Lactobacillus delbrueckii subsp. bulgaricus. International 
Dairy Journal. 1996, 6, 1167–1180.  
 
Bolduc, M. P., Raymond, Y., Fustier, P., Champagne, C. P. and Vuillemard, J.C. 
Sensitivity of bifidobacteria to oxygen and redox potential in non-fermented 
pasteurized milk. International Dairy Journal. 2006, 16, 1038-1048. 
 
Booth, M., Jennings, V., Ni Fhaolain, I. and O’Cuinn, G. Prolidase activity of 
Lactococcus lactis subsp. cremoris AM2: Partial purification and characterization. 
Journal of Dairy Research. 1990, 57, 245–254.  
 
Boquien, C. Y. Nakache, F. and Paraf A. Ultrasound treatment for harvesting an 
aminopeptidase from lactic acid bacteria and quantization of the enzyme by enzyme-
linked immunosorbent assays. Applied and Environmental Microbiology. 1991, 57, 
2211–2216. 
 
Bousvaros, A., Guandalini, S., Baldassano, R.N., Botelho, C., Evans, J., Ferry, G.D., 
Goldin, B., Hartigan, L., Kugathasan, Levy, S., Murray, J. K.F., Oliva-Hemker, M., 
Rosh, J.R., Tolia, V., Zholudev, A., Vanderhoof, J.A. and Hibberd, P.L. A randomized, 
double-blind trial of Lactobacillus GG versus placebo in addition to standard 
maintenance therapy for children with Crohn's disease. Inflammatory Bowel Disease. 
2005, 11, 833–839.  
 
van den Broek, L. A. M., Hinz, S. W. A, Beldman, G., Vincken, J. P., Voragen, A. G. J. 
Bifidobacterium carbohydrases-their role in breakdown and synthesis of (potential) 
prebiotics. Molecular Nutrition and Food Research. 2008, 52, 146 – 163. 
 
Bruinenberg, P.G. and Smid, E. J. Vitamin B12 production in fermented milk products. 
European Patten Application. 2006, EP 1625795 A1 20060215.   
 
Bund, R.K. and Pandit, A.B. Sonocrystallization: Effect on lactose recovery and 
crystal habit. Ultrasonics Sonochemistry. 2007, 14, 143-152.  
 
Butz, P. and Tauscher, B. Emerging technologies: chemical aspects. Food Research 
International. 2002, 35, 279–284.  
 
Campos-Giménez, E., Fontannaz, P., Trisconi, M.J., Kilinc, T., Gimenez, C., and 
Andrieux, P. Determination of vitamin B12 in food products by liquid 
chromatography/UV detection with immunoaffinity extraction: single-laboratory 
validation. Journal of AOAC International. 2008, 91, 786 – 793. 
 
170 
de Castro, M.D.L., and Priego-Capote, F. Ultrasound-assisted crystallization 
(sonocrystallization). Ultrasonics Sonochemistry. 2007, 14, 717 – 724.  
 
Cerna J. & Hrabova , H. Biologic enrichment of fermented milk beverages with 
vitamin B12 and folic acid. Milchwissenschaft-Milk Science International. 1977, 32, 
274–277. 
 
Champagne, C. P., and Gardner, N. J. Challenges in the addition of probiotic cultures 
to foods. Critical Reviews in Food Science and Nutrition. 2005, 45, 61 – 84. 
 
Chan, E.S. and Zhang, Z. Bioencapsulation by compression coating of probiotic 
bacteria for their protection in an acidic medium. Process Biochemistry. 2005, 40, 
3346–3351.  
 
Chang, A. C. Study of ultrasonic wave treatments for accelerating the aging process in 
a rice alcoholic beverage. Food Chemistry. 2005, 92, 337–342.  
 
Chen, B., Ding. L., Luo. X. B. and Yao, S. Z. HPLC-ESI-MS analysis of vitamin B12 
in food products and in multivitamins-multiminerals tablets.  Journal of Analytica 
Chimica Acta. 2006, 562, 185-189. 
 
Chen, B., Huang, J., Wang, J. and Huang, L. Ultrasound effects on the antioxidative 
defense systems of Porphyridium cruentum. Colloids and Surfaces B: Biointerfaces. 
2008, 61, 88 – 92.   
 
Cartensen, E.L., Kelly, P. and Church, C.C. Lysis of erythrocytes by exposure to CW 
ultrasound. Ultrasound in Medicine & Biology. 1993, 19, 147–165.  
Charteris, W.P., Kelly, P.M., Morelli L. and Collins, J.K. Edible table (bio)spread 
containing potentially probiotic Lactobacillus and Bifidobacterium species, 
International Journal of Dairy Technology. 2002, 55, 44–56. 
Chen, C. S., Hsu, C. H. and Chiang, B. H. Optimization of the enzymic process for 
manufacturing low-lactose milk containing oligosaccharides. Process Biochemistry. 
2002, 38, 801-808. 
 
Cheong, L. Z., Tan, C. P., Mohd. Suria Affandi Yusoff, K. P., Arifin, N., Lo, S. K., Lai, 
O. M. Production of a diacylglycerol-enriched palm olein using lipase-catalyzed partial 
hydrolysis: Optimization using response surface methodology. Food Chemistry. 2007, 
105, 1614-1622.  
 
Chisti, Y. Sonobioreactors: using ultrasound enhanced microbial productivity. Trends 
in Biotechnology. 2003, 21, 89 – 93.  
 
Chuanyun, D., Bochu, W., Huan, Z. Effect of ultrasound stimulation of pyruvic acid. 
Colloids and Surface B: Biointerfaces. 2004a, 36, 101 – 104.  
 
Chuanyun, D., Bochu, W., Huan, Z., Conglin, H., Chuanren, D., Wangquian, L., 
Toyama, Y., and Sakanishi. Effect of low frequency ultrasonic stimulation on the 
171 
secretion of riboflavin produced by Ecemothecium Ashbyii. Colloids and Surfaces B: 
Biointerfaces. 2004b, 34, 7 – 11.  
 
Collins, J.K., Thornton, G., and O’Sullivan, G.O. International Dairy Journal. 1998, 8, 
487 – 490.  
 
Crociani, F., Alessandrini, A., Mucci, M. M. and Biavati, B. Degradation of complex 
carbohydrates by Bifidobacterium spp. International Journal Food Microbiology. 1994, 
24, 199–210.   
 
Dai C., Wang B., Wang J., Zhao H. Effect of ultrasound stimulation on metabolic 
modulation of pyruvic acid. Colloids and Surfaces B, Biointerfaces. 2004, 36, 101–104.  
 
Dave, R. I and Shah N. P. Viability of yoghurt and probiotic bacteria in yoghurts made 
from commercial starter cultures. International Dairy Journal. 1997a, 7, 31–41. 
 
Dave, R. I and Shah N. P. Improving viability of Lactobacillus acidophilus and 
Bifidobacterium spp. in yoghurt. International Dairy Journal. 1997b, 7, 349–356.  
 
Dave, R. I and Shah N. P. Effectiveness of ascorbic acid as an oxygen scavenger in 
improving viability of probiotic bacteria in yoghurts made with commercial starter 
cultures. International Dairy Journal. 1997c, 7, 435 – 443.  
 
Dave, R. I and Shah N. P. Effect of cysteine on the viability of yoghurt and probiotic 
bacteria in yoghurts made with commercial starter cultures. International Dairy 
Journal. 1997d, 7, 537–545.  
 
Dave, R. I and Shah N. P. Ingredient supplementation effects on viability of probiotic 
bacteria in yogurt. Journal of Dairy Science. 1998, 81, 2804–2816.  
 
De Dea, L.J., Canchaya, C., Zhang, Z., Neviani, E., Fitzgerald, G.F. and van S.D. 
Exploiting Bifidobacterium genomes: the molecular basis of stress response. 
International Journal of Food Microbiology. 2007, 120, 13-24. 
 
Deguchi, Y., Morishita, T. and Mutai, M. Comparative studies on synthesis of water-
soluble vitamins among human species of Bifidobacterium. Agricultural and 
Biological Chemistry. 1985, 49, 13-19. 
 
Dolatowski, Z.J., Stadnik, J. And Stasiak, D. Applications of ultrasound in food 
technology. Acta Scientiarum Polonorum Technologia Alimentaria. 2007, 6, 89 – 99.   
 
Doleyres, Y. and Lacroix C. Technologies with free and immobilised cells for 
probiotic bifidobacteria production and protection. International Dairy Journal. 2005, 
15, 973–988. 
 
Donkor, O. N., Henriksson, A., Vasiljevic, T. and Shah, N. P. Effect of acidification on 
the activity of probiotics in yoghurt during cold storage. International Dairy Journal. 
2006, 16, 1181 – 1189.  
 
172 
Donkor, O. N., Nilmini, S.L.I., Stolic, P., Vasiljevic, T. and Shah, N.P. Survival and 
activity of selected probiotic organisms in set-type yoghurt during cold storage. 
International Dairy Journal. 2007, 17, 657-665.  
 
Donkor, O. N., Tsangalis, D. and Shah, N. P. Viability of probiotic bacteria and 
concentrations of organic acids in commercial yoghurts during refrigerated storage. 
Food Australia. 2007, 59, 121 – 126.  
 
Doulah, M.S. Application the statistical theory of reliability to yeast cell disintegration 
in ultrasonic cavitation. Biotechnol. Bioeng. 1978, 20, 1287–1289. 
 
DSMZ GmbH. DSMZ- Bacterial Nomenclature. 
www.dsmz.de/microorganisms/bacterial_nomenclature. 2004. 
 
Dunne, C. Adaptation of bacteria to the intestinal niche: probiotics and gut disorder, 
Inflammatory Bowel Diseases. 2001, 7, 136–145.  
 
Elmehdi, H.M., Page, J.H., and Scanlon, M.G. Monitoring dough fermentation using 
acoustic waves. Transaction of IChemE. 2002, 81, 217–223.  
 
Euler, H. and Skarzynski B. The effect of ultrasonic waves on yeast. 
Naturwissenschaften. 1943, 31, 389. 
 
FAO/WHO Experts’ Report. Health and nutritional properties of probiotics in food 
including powder milk with live lactic acid bacteria. 2001.  
 
Fasoli, S., Marzotto, M., Rizzotti, L., Rossi, F., Dellaglio, F. and Torriani, S. Bacterial 
composition of commercial probiotic products as evaluated by PCR-DGGE analysis, 
International Journal of Food Microbiolology. 2003, 82, 59–70. 
 
Fellows, P. Food Processing Technology: Principles and Practice. CRC Press, New 
York. 2000. 
 
Fernandez-Garcia, E., McGregor, J. U. Determination of organic acids during the 
fermentation and cold storage of yogurt. Journal of Dairy Science. 1994, 77, 2934 – 
2939.  
 
Francko, D. A., Taylor, S.R., Thomas, B.J. and McIntosh, D. Effect of low-dose 
ultrasonic treatment on physiological variables in Anabena flos-aquae and Selenastrum 
capriconutum. Biotechnology Letters. 1990, 12, 219-224.  
 
Francko, D. A. Taylor, S.R., Thomas, B.J. and McIntosh, D. Enhancement of nitrogen 
flaxation in Anabena flos-aquae (Cyanobacteria) via low-dose ultrasonic treatment. 
Journal of Applied Physiology. 1994, 6, 455-458. 
 
Friend, B. A., Fiedler, J. M., and Shahani, K. M. Influence of culture selection on the 
flavour, antimicrobial activity, β-galactosidase and B-vitamins of yogurt. 
Milchwissenschaft-Milk Science International. 1983, 38, 133 – 36. 
 
173 
Fuente-Blanco, S., de la, Riera-Franco, E., de Sarabia, Acosta-Aparicio, V. M., 
Blanco-Blanco, A. and Gallego-Juárez, J. A. Food drying process by power ultrasound. 
Ultrasonics. 2006, 44, e523-e527.  
 
Fuller, R. Probiotics in man and animals. Journal of Applied Bacteriology. 1989, 66, 
365 – 378.  
 
Gan, T. H., Pallav, P. and Hutchins, D. A. Non-contact ultrasonic quality 
measurements of food products. Journal of Food Engineering. 2006, 77, 239-247.  
 
García-Pérez, J.V., Cárcel, J. A., de la Fuente-Blanco, S., and Riera-Franco de Sarabia, 
E. Ultrasonic drying of foodstuff in a fluidized bed: Parametric. Ultrasonics. 2006.  44, 
e539-e543.  
 
Gaudreau, H., Champagne, C.P., and Jehen, P. The use of crude extracts of 
Lactobacillus delbrueckii spp. 11842 to stimulate growth of a probiotic Lactobacillus 
rhamnosus culture in milk. Enzyme and Microbial Technology. 2004, 36, 83-90.  
 
Geciova, J., Bury, D., and Jelen, P. Methods for disruption of microbial cells for 
potential use in the dairy industry: a review. International Dairy Journal. 2002, 12, 
541–553.  
 
de-Gennaro, L., Cavella, S., Romano, R. and Masi, P. The use of ultrasound in food 
technology I: inactivation of peroxidase by thermosonication. Journal of Food 
Engineering. 1999, 39, 401-407.  
 
Gill, H. S., Cross, M. L., Rutherfurd, K. J. and Gopal, P. K. Dietary probiotic 
supplementation to enhance cellular immunity in the elderly. British Journal of 
Biomedical Science. 2001, 58, 94–96.  
 
Grothe, E., Moo-Young, M. and Chisti, Y. Fermentation optimization for the 
production of poly(β-hydroxybutyric acid) microbial thermoplastic. Enzyme and 
Microbial Technology, 1999, 25, 132-141.  
 
Gueimonde, M., Alonso, L., Delgado, T., Bada-Gancedo, J.C., de los Reyes-Gavilan, 
C. Quality of plain yoghurt made from refrigerated and CO2 -treated milk, Food 
Research International. 2003, 36, 43–48. 
Gueimonde, M., Delgado, S., Mayo, B. Ruas-Madiedo, P., Margolles,A., de los Reyes-
Gavilán, C. G. Viability and diversity of probiotic Lactobacillus and Bifidobacterium 
populations included in commercial fermented milks. Food Research International. 
2004, 37,839-850.  
 
Guerin, D., Vuillemard, J. C. and Subirade, M. Protection of bifidobacteria 
encapsulated in polysaccharide-protein gel beads against gastric juice and bile. Journal 
Food Protection. 2003, 66, 2076 – 2084.  
 
Hallez, L., Touyeras, F., Hihn, J.Y., Klima, J., Guey, J.L., Spajer, M., Bailly, Y. 
Characterization of HIFU transducers designed for sonochemistry application: 
Cavitation distribution and quantification. Ultrasonics. 2010, 50, 310-317. 
174 
 
Han, R., Ebert, C. E., Zhao Z., Li , L. , Zhang, H., Tian, R. Novel Characteristics of 
Bifidobacterium bifidum in Solid State Fermentation System. World Journal of 
Microbiology and Biotechnology. 2005, 21, 1245 – 1258. 
 
Hæggström, E. and Luukkala, M. Ultrasound detection and identification of foreign 
bodies in food products.  Food Control, 2001, 12, 37-45.  
 
Heudi, O., Kilinç, T. and Fontannaz, P. Separation of water soluble vitamins by 
reversed-phase high performance liquid chromatography with ultra-violet detection: 
Application to polyvitaminated premixes. Journal of Chromatography A. 2005, 1070, 
49-56. 
 
Heudi, O., Kilinç, T., Fontannaz, P., and Marley, E. Determination of vitamin B12 in 
food products and in premixes by reversed-phase high performance liquid 
chromatography and immunoaffinity extraction. Journal of Chromatography A. 2006, 
1101, 63-68. 
 
Ho, C.W., Chew, T.K., Ling, T.C., Kamaruddin, S., Tan, W.S. and Tey, B.T. Efficient 
mechanical cell disruption of Escherichia coli by an ultrasonicator and recovery of 
intracellular hepatitis B core antigen. Process Biochemistry. 2006, 41, 1829–1834. 
 
Holzapfel, W. Introduction to prebiotics and probiotics. In Probiotics in Food Safety 
and Human Health. Ed. by Goktepe, I. Taylor Francis Group. 2006. 
 
Hsu, C.A., Yu, R.C. and Chou, C.C. Production of β-galactosidase by Bifidobacteria as 
influenced by various culture conditions.  International Journal of Food Microbiology. 
2005, 104, 197-206.  
 
Hsu, C.A., Lee, S.L. and Chou, C.C. Enzymatic production of galacto-oligosaccharides 
by β-galactosidase from Bifidobacterium longum BCRC 15708. Journal of 
Agricultural and  Food Chemistry. 2007, 55, 2225–2230 
 
Huebner, J., Wehling R.L. and Hutkins R.W. Functional activity of commercial 401 
prebiotics. International Dairy Journal. 2007, 17, 770 – 775. 
 
Hugenschmidt, S., Schwenninger, S.M., Gnehm, N. and Lacroix, C. Screening of a 
nature biodiversity of lactic and propionic acid bacteria for folate and vitamin B12 
production in supplemented whey permeate. International Dairy Journal. 2010, 20, 
852-857. 
 
Hung, M.N. and Lee, B.H. Cloning and expression of β-galactosidase gene from 
Bifidobacterium infantis into Escherichia coli. Biotechnology Letters. 1998, 20, 659 – 
662. 
 
Huzaifa, S., Choonia, S. and Lele, S. β-Galactosidase release kinetics during ultrasonic 
disruption of Lactobacillus acidophilus isolated from fermented Eleusine coracana. 
Food and Bioproducts Processing. 2010, doi:10.1016/j.fbp.2010.08.009. 
 
175 
Iida, Y., Ashokkumar, M., Tuziuti, T., Kozuka, T., Yasui, K., Towata, A. and Lee, J. 
Bubble population phenomena in sonochemical reactor: Estimation of bubble size 
distribution and its number density with pulsed sonication – laser diffraction method. 
Ultrasonic Sonochemistry. 2010, 17, 473–479. 
 
Ishibashi N. and Shimarnura S. Bifidobacteria: Research and development in Japan. 
Food Technology. 1993, 45, 74-83. 
 
Isolauri, E., Arvola, T., Sutas, Y., Moilanen, E. and Salminen, S. Probiotics in the 
management of atopic eczema. Clinical and Experimental Allergy. 2000, 30, 1604–
1610.  
 
Institute of Medicine. Dietary reference intakes for vitamin C, vitamin E and 
carotenoids. National Academy Press, Washington, DC. 2000. 
 
Joyce, E., Phull, S. S., Lorimer, J. P. and Mason T. J. The development and evaluation 
of ultrasound for the treatment of bacterial suspensions. A study of frequency, power 
and sonication time on cultured Bacillus species. Ultrasonics Sonochemistry. 2003, 10, 
315-318. 
 
Kagiya, G., Tabuchi, Y., Feril Jr., L. B., Ogawa, R. , Zhao, Q.L., Kudo, N., Hiraoka, 
W., Tachibana, K.,  Umemura, S. I.  and Kondo, T. Confirmation of enhanced 
expression of heme oxygenase-1 gene induced by ultrasound and its mechanism: 
analysis by cDNA microarray system, real-time quantitative PCR, and Western 
blotting. Journal of Medical Ultrasonics. 2006,  33, 3 - 10.  
 
Kang, T.H. Kimchi refrigerator to promote  fermentation of kimchi under desirable 
conditions for growth of lactic acid bacteria by using ultrasonic wave instead of heater. 
Korean patent. 2006, KR 2004-115494  20041229. 
 
Kinley, T., Snodgrass J.D, & Krohn, B. Alcohol production using sonication. United 
States Patent. 2004, 7101691. http://www.freepatentsonline.com/7101691.html 
 
Kiran, K. R., Manohar, B. and Divakar, S. A. Central composite rotatable design 
analysis of lipase catalyzed synthesis of lauroyl lactic acid at bench-scale level. 
Enzyme and Microbial Technology. 2007, 29, 122-128. 
 
Kiviharju, K., Salonen, K., Leisola, M. and Eerikäinen, T. Kinetics of Bifidobacterium 
longum ATCC 15707 growth. Process Biochemistry. 2007, 42, 1140-1145. 
 
Klaver, F.A.M., Kingma, F. and Weerkamp, A.H. Growth and survival of 
bifidobacteria in milk. Netherlands Milk and Dairy Journal. 1993, 47, 151–164. 
 
Knorr, D., Zenker, M., Heinz, V. and Lee, D.U. Applications and potential of 
ultrasonics in food processing. Trends in Food Science and Technology. 2004, 15, 261 
– 266.  
 
Krasaekoopt, W., Bhandari B. and Deeth, H. C. Review: Evaluation of encapsulation 
techniques of probiotics for yoghurt. International Dairy Journal. 2003, 13, 3–13.  
 
176 
Kreft, M.E., & Jelen, P. Stability and activity of β-galactosidase in sonicated cultures 
of Lactobacillus delbrueckii ssp. bulgaricus 11842 as affected by temperature and 
ionic environments. Journal of Food Science. 2000, 65, 1364–1368. 
 
Kuehbacher, T., Ott, S.J., Helwig, U., Mimura, T. and Rizzello, F. Bacterial and fungal 
microbiota in relation to probiotic therapy (VSL No. 3) in pouchitis. Gut. 2006, 9, 833-
841. 
 
Lacroix, C. and Yildirim, S. Fermentation technologies for the production of probiotics 
with high viability and functionality. Current Opinion in Biotechnology. 2007, 18, 176 
– 183. 
 
Lamberti, N., Ardia, L., Albanese, D., and Di Matteo M. An ultrasound technique for 
monitoring the alcoholic wine fermentation. Ultrasonics. 2009, 49, 94-97. 
 
Lamoureux, L., Roy, D., and Gauthier, S.F. Production of Oligosaccharides in yogurt 
containing bifidobacteria and yogurt cultures. Journal of Dairy Science. 2002, 85, 
1058 – 1069.  
 
Lanchun, S., Bochu, W., Zhiming, L., Chuanren, D., Chuanyun, D. and Sakanishi, A. 
The research into the influence of low-intensity ultrasonic on the growth of S. 
cerevisiaes. Colloids and Surfaces B: Biointerfaces. 2003a, 30, 43-49.  
 
Lanchun, S., Bochu, W., Liancai, Z., Jie, L., Yanhong, Y, and Chuanren, D. The 
influence of low-intensity ultrasonic on some physiological characteristics of 
Saccharomyces cerevisiae. Colloids and Surfaces B: Biointerfaces. 2003b, 30, 61-66.  
 
Laredo, M., Perez, M. T., Santos, A. and Garcia-Ochoa, F. Hydrolysis of lactose by 
free and immobilized β-galactosidase from Thermus sp. strain T2. Biotechnology and 
Bioengineering. 2002, 81, 241–252.  
 
Lavermicocca, P. Highlights on new food research. Digestive and Liver Disease. 2006, 
38, S295 - S299. 
 
Law, J. and Haandrikman, A. Proteolytic enzymes of lactic acid bacteria. International 
Dairy Journal. 1997, 7, 1–11. 
 
Lebiedzińska, A., Marshall, M. L., Kuta. J. and Szefer, P. Reversed-phase high 
performance liquid chromatography method with coulometric electrochemical and 
ultraviolet detection for the quantification of vitamins B1 (thiamine), B6 
(pyridoxamine, pyridoxal and pyridoxine) and B12 in animal and plant foods. Journal 
of Chromatography A. 2007, 1173, 71-80. 
 
Lee, J.H. and O'Sullivan, D. J. Genomic insights into bifidobacteria. Microbiology and 
Molecular Biology Reviews. 2010, 74, 378-416. 
 
Lee, Y. K., Nomoto, K., Salminen, S., Gorbach, S. L. Handbook of probiotics. John 
Wiley & Sons, Inc. 1999, 1- 4.  
 
177 
Liebeskind, D., Bases, R., Elequin, F., Neubort, S., Leifer, R. and Goldberg, R. 
Diagnostic ultrasound: effects on the DNA and growth patterns of animal cells. 
Radiology. 1979, 131, 177–184.  
 
Lijun, X., Bochu, W., Qinghong, W. and Liu, L. Kinetics of degradation by 
immobilized cells with ultrasonic irradiation. Colloids and Surfaces B: Biointerfaces. 
2005, 45, 162 – 166.  
 
Lilly, D.M., and Stillwell, R.H. Probiotcis: Growth promoting factors produced by 
microorganisms. Science. 1965, 147, 747 – 748.  
 
Lin, L., Wu, J., Ho, K. P., Qi, S. Ultrasound-induced physiological effects and 
secondary metabolite (saponin) production in Panax ginseng cell cultures. Ultrasound 
in Medicine and Biology. 2001, 27, 1147 – 1152.  
 
Liu, Y. S. and Wu, J. Y. Optimization of cell growth and carotenoid production of 
Xanthophyllomyces dendrorhous through statistical experiment design. Biochemical 
Engineering Journal. 2007, 36, 182-189.  
 
Lopez-Rubio, A., Gavara, R. and Lagaron, J. M. Bioactive packaging: turning foods 
into healthier foods through biomaterials. Trends in Food Science & Technology. 
2006, 17, 567 – 575.  
 
Lourens-Hattingh, A. and Viljoen, B.C. Yogurt as probiotic carrier food. International 
Dairy Journal. 2001, 11, 1 – 17. 
 
Madhu, A. N., Giribhattanavar, P., Narayan, M.S., and Prapulla, S.G. Probiotic lactic 
acid bacterium from kanjika as a potential source of vitamin B12: evidence from LC-
MS, immunological and microbiological techniques.  Biotechnology Letters. 2010, 32, 
503-506.  
 
Margolles, A., Mayo, B., and Ruas-Madiedo, P. In Handbook of Probiotics and 
Prebiotics. Ed. by Lee Y. K., and Salminen S. Hoboken, N.J. John Wiley & Sons. 
2009. 7.  
 
Marks, J. Sucessful probiotic bifidobacteria. In Handbook of functional dairy products. 
Ed. by Shortt, C., & O’Brien, J. Boca Raton, FL: CRC press.  2004. 
 
Marsellés-Fontanet, À. R., Puig, A., Olmos, P., Mínguez-Sanz, S., and Martín-Belloso, 
O. Optimising the inactivation of grape juice spoilage organisms by pulse electric 
fields. International Journal of Food Microbiology. 2009, 130, 159-165. 
 
Martínez-Villaluenga, C. and Gómez, R.  Characterization of bifidobacteria as starters 
in fermented milk containing raffinose family of oligosaccharides from lupin as 
prebiotic. International Dairy Journal. 2007, 17, 116-122.  
 
Mason, T.J., Paniwnyk, L. and Lorimer, J.P. The uses of ultrasound in food technology. 
Ultrasonics Sonochemistry. 1996, S253 – S260.  
 
178 
Mason, T. J. Ultrasound in environmental protection – an overview. In Ultrasound in 
Environmental Engineering. Ed. by Tiehm A., Neis U. TU Hamburg-Harburg Reports 
on sanitary Engineering 25. 1999, 1-9.  
 
Matsuura, K., Hirotsune, M., Nunokawa, Y., Satoh, M. and Honda, K. Acceleration of 
cell growth and ester formation by ultrasonic wave irradiation. Journal of 
Fermentation and Bioengineering. 1994, 77, 36-40.  
 
Masuzawa, N., and Ohdaira, E. Attempts to shorten the time of lactic fermentation by 
ultrasonic irradiation. Japanese Journal of Applied Physics. 2002, 41, 3277–3278.  
 
Mattila-Sandholm, T., Myllarinen, P., Crittenden, R., Mogensen, G., Fonden, R. and 
Saarela, M. Technological challenges for future probiotic food. International Dairy 
Journal.  2002, 12, 173 -1 82.  
 
van der Meulen, R., Adriany, T., Verbrugghe, K., Vuyst, L. D. Kinetic analysis of 
bifidobacterial metabolism reveals a minor role for succinic acid in the regeneration of 
NAD+ through its growth-associated production. Applied and Environmental 
Microbiology. 2006, 72, 5204–5210.  
 
Miller, D.L. A review of the ultrasonic bioeffects of microsonation, gas-body 
activation, and related cavitation-like phenomena. Ultrasound in Medicine and Biology. 
1987, 13, 443–470. 
 
Miller, M.W., Miller, D.L. and Brayman, A. A. A review of in vitro bioeffects of 
inertial ultrasonic cavitation from a mechanistic perspective. Ultrasound in Medicine 
and Biology. 1996, 22, 1131–1154.  
 
Miyano, K., Ye, K. and Shimizu K. Improvement of vitamin B12 fermentation by 
reducing the inhibitory metabolites by cell recycle system and a mixed 
culture.  Biochemical Engineering Journal. 2000, 6, 207-214. 
Mlobeli, N. T., Gutierrez, N. A., & Maddox, I. S. Physiology and kinetics of 
Bifidobacterium bifidum during growth on different sugars. Applied Microbiology and 
Biotechnology. 1998. 50, 125–128.  
Naffrechoux, E., Chanoux, S., Petrier, C. and Suptil, J. Sonochemical and 
photochemical oxidation of organic matter. Ultrason. Sonochem. 2000, 7, 255–259.  
 
Oberman, H., and Libudzisz, Z. Fermented milks. In: Microbiology of Fermented 
Foods. Ed. by Wood B.J.B. London: Blackie Academic and Professional. 1998, 308 – 
350.  
 
Ogasawara, H., Mizutani, K., Ohbuchi, T. and Nakamura, T. Acoustical experiment of 
yogurt fermentation process. Ultrasonics. 2006, 44, e727-e73.  
 
O'Leary, V.S. and Woychik, J. H. Utilization of lactose, glucose, and galactose by a 
mixed culture of Streptococcus thermophilus and Lactobacillus bulgaricus in milk 




Pakin, C., Bergaentzle, M., Aoude-Werner D. and Hasselmann, C. α-Ribazole, a 
fluorescent marker for the liquid chromatographic determination of vitamin B12 in 
foodstuffs. Journal of Chromatography A. 2005, 1081, 182 - 189. 
 
Palframan, R. J., Gibson, G. R. and Rastall, R. A. Carbohydrate preferences of 
Bifidobacterium species isolated from the human gut. Current Issues in Intestinal 
Microbiology. 2003, 4, 71-75.  
 
Palma, M.S. and Bucalon, A.J. Sonochemical aspects of cell disruption by ultrasound.  
Ultrasonics. 1987, 25, 370-371. 
 
Panesar, P. S. Application of response surface methodology in the permeabilization of 
yeast cells for lactose hydrolysis. Biochemical Engineering Journal. 2008, 39, 91-96. 
 
Park, H.K., So, J.S. and Heo, T.R. Acid adaptation promotes survival of 
Bifidobacterium breve against environmental stresses. Foods and Biotechnology. 1995, 
4, 226–230. 
 
Parker, R.B. Probiotics, the other half of the antibiotic story. Animal Nutrition and 
Health. 1974, 29, 4–8.  
 
Patist, A. and Bates, D. Ultrasonic innovations in the food industry: from the 
laboratory to commercial production. Innovative Food Science and Emerging 
Technologies. 2008, 9, 147–154. 
 
Perrin, S., Warchol, M., Grill, J. P., Schneider, F. Fermentations of fructo-
oligosaccharides and their components by Bifidobacterium infantis ATCC 15697 on 
batch culture in semi-synthetic medium. Journal of Applied Microbiology. 2001, 90, 
859–865. 
 
Petel, S. Effect of ultrasound on xanthan gum fermentation. PhD Thesis, Oklahoma 
State University, USA. 2003. 
 
Pitt, W. G. and Ross, A. Ultrasound increases the rate of bacterial cell growth. 
Biotechnology Progress. 2003, 19, 1038 – 1044. 
 
Piyasena, P., Mohareb and E., Mckellar. Inactivation of microbes using ultrasound: a 
review. International Journal of Food Microbiology. 2003, 87, 207 – 216.  
 
Priego-Capote, F. and Luque de Castro, M.D. Ultrasound-assisted digestion: A useful 
alternative in sample preparation. Journal of Biochemical and Biophysical Methods. 
2006, 70, 299 – 310. 
  
Pongsawatmanit, R., Harnsilawat, T. and McClements, D. J. Influence of alginate, pH 
and ultrasound treatment on palm oil-in-water emulsions stabilized by β-lactoglobulin. 
Colloids and Surfaces A: Physicochemical and Engineering Aspects. 2006, 287, 59-67.  
 
Povey, M.J.W. and Mason, T.J. Ultrasound in Food Processing. New York, USA: 
Blackie Academic and Professional. 1998. 
180 
 
Prado, F.C., Parada, J.L. Pandey, A. and Socco, C. R. Trends in non-dairy probiotic 
beverages. Food Research International. 2008, 41, 111-123. 
 
Quesada-Chanto, A., Afschar, S., Wagner, F. Optimization of a Propionibacterium 
acidipropionici continuous culture utilizing sucrose, Applied Microbiology and 
Biotechnology. 1994, 42, 16–21. 
 
Ramchandran, L. and Shah, N. P. Influence of addition of Raftiline HP® on the growth, 
proteolytic, ACE- and α-glucosidase inhibitory activities of selected lactic acid 
bacteria and bifidobacteria. LWT - Food Science and Technology. 2010, 43, 146-152. 
 
Rao, D. R., Reddy, A.V., Pulusani. S. R. and Cornwell, P. E. Biosynthesis and 
utilization of folic acid and vitamin B12 by lactic cultures in skim milk. Journal of 
Dairy Science. 1984, 67, 1169-1174. 
 
Rasic, J. L. and Kurmann, J. A. Bifidobacteria and their role. Basel, Birkhauser Verlag. 
1983. 
 
Reddy, K. P., Shahani, K.M. and Kulkarni, S. M. B-complex vitamins in cultured and 
acidified yoghurt. Journal of Dairy Science. 1975, 59, 191-195. 
 
Reid, G. The Potential role of probiotics In Pediatric Urology. The Journal of Urology. 
2002, 168, 1512-1517. 
 
Reid, G. Scientific evidence for and against the safe use of probiotics. Trends in 
Microbiology. 2006, 14, 348–352. 
 
Reid, G., Charbonneau, D., Erb, J., Kochanowski, B., Beuerman, D., Poehner, R. and 
Bruce, A.W. Oral use of Lactobacillus rhamnosus GR-1 and L. fermentum RC-14 
significantly alters vaginal flora: randomized, placebo-controlled trial in 64 healthy 
women. FEMS Immunology and Medicinal Microbiology. 2003, 35, 131–134.  
 
Resa, L. Elvira and F. Montero de Espinosa. Concentration control in alcoholic 
fermentation processes from ultrasonic velocity measurements. Food Research 
International. 2004, 37, 587–594.  
 
Resa, P., Bolumar, T., Elvira, L., Pérez, G. and de Espinosa, F. M.  
Monitoring of lactic acid fermentation in culture broth using ultrasonic velocity. 
Journal of Food Engineering. 2007, 78, 1083-1091.  
 
Riesz, P. and Kondo, T. Free radical formation induced by ultrasound and its 
biological implications.  Free Radical Biology and Medicine. 1992, 13, 247–270.  
 
Roberts, R.T. Ultrasonic absorption in aqueous solution of lysozyme. Chemical 
Industries. 1993, 15, 119-121.  
 
Rodríguez-Nogales, J. M., Ortega, N., Mateos, M. P. and Busto, M. D. Experimental 
design and response surface modeling applied for the optimization of pectin hydrolysis 
by enzymes from A. niger CECT 2088. Food Chemistry. 2007, 101, 634-642. 
181 
 
Ross, R. P., Desmond, C., Fitzgerald, G. F. and Stanton, C. Overcoming the 
technological hurdles in the development of probiotic foods. Journal of Applied 
Microbiology. 2005, 98, 1410-1417.  
Roy, D., Desjardins, M.L. and Mondou, F. Selection of bifidobacteria for use under 
cheese-making conditions, Milchwissenschaft.1995, 50, 139–142. 
Roy, D., L. Daoudi and A. Azaola. Optimization of galacto-oligosaccharide production 
by Bifidobacterium infantis RW-8120 using response surface methodology. Journal of 
Industrial Microbiology and Biotechnology. 2002, 29, 281–285. 
 
Roy, D. Technological aspects related to the use of bifidobacteria in dairy products. 
Lait. 2005, 85, 39-56  
 
Saggin, R. and Coupland, J. N. Measurement of solid fat content by ultrasonic 
reflectance in model systems and chocolate. Food Research International. 2002, 35, 
999-1005.  
 
Şahin, Ö., Dönmez-Altuntaş, H., Hizmelti, S., Hamurcu, Z. and Imamoğlu, N. 
Investigation of genotoxic effect of ultrasound in cases receiving therapeutic 
ultrasound by using micronucleus method. Ultrasound in Medicine and Biology. 2004, 
30, 545–548.  
 
Sakakibara, M., Wang, D., Ikeda, K. and Suzuki, K. Effect of ultrasonic irradiation on 
production of fermented milk with Lactobacillus delbrueckii. Ultrasonics 
Sonochemistry. 1997, 1, S107-S110. 
 
Salminen, S., Nybom, S., Meriluoto, Collado, J.M. C., Vesterlund S. and El-Nezami H. 
Interaction of probiotics and pathogens—benefits to human health? Current Opinion in 
Biotechnology. 2010, 21, 257 – 167. 
 
Salyers, A. A., West, S. E. H., Vercellotti, J. R. and Wilkins, T. D. Fermentation of 
plant polysaccharides by anaerobic bacteria from the human colon. Appllied and 
Environmental Microbiology. 1977, 34, 529–533. 
 
Sarker, S.A., Sultana, S., Fuchs, G.J., Alam, N.H., Azim, T., Brussow, H. and 
Hammarstrom, L. Lactobacillus paracasei strain ST11 has no effect on rotavirus but 
ameliorates the outcome of nonrotavirus diarrhea in children from Bangladesh. 
Pediatrics. 2005, 116e, 221–228.  
 
Santos, F., Vera, J. L., Lamosa, P., de Valdez, G. F., de Vos, W. M., Santos, H., Sesma, 
F. and Hugenholtz, J. Pseudovitamin B12 is the corrinoid produced by Lactobacillus 
reuteri CRL1098 under anaerobic conditions. FEBS Letters. 2007, 581, 4865-4870. 
 
Saxelin, M., Grenov, B., Svensson, U., Fonder, R., Reniero, R. and Mattila-Sandholm, 




Saxelin, M., Tynkkynen, S., Sandholm, T. M. and de Vos, W. M. Probiotic and other 
functional microbes: from markets to mechanism. Current opinion in Biotechnology. 
2005, 16, 204 – 211.  
 
Schell, M.A., Karmirantzou M., Snel B., Vilanova D., Berger B. and Pessi G. The 
genome sequence of Bifidobacterium longum reflects its adaptation to the human 
gastrointestinal tract. Proceedings of the National Academy Sciences. 2002, 99, 14422-
14427. 
 
Scherba, G., Weigel, R.M. and Ó Brien, W. D. Quantitative assessment of the 
germicidal efficacy of ultrasonic energy. Applied and Environmental Microbiology. 
1991, 57, 2079 – 2084.  
 
Schläfer, O., Sievers, M., Klotzbucher, H. and Onyche, T.I. Improvement of biological 
activity by low energy ultrasound assisted bioreactors. Ultrasonics. 2000, 38, 711–716.  
 
Schmidt, G. and Zink, R. Basic features of the stress response in three species of 
bifidobacteria: B. longum, B. adolescentis, and B. breve. International Journal of Food 
Microbiology. 2000, 55, 41–45.  
 
Sela, D.A, Price, N. P.J. and Mills D.A. Metabolism of Bifidobacteria. In 
Bifidobacteria: Genomics and Molecular Aspects. Ed. by Mayo, B. and van Sinderen, 
D. Caister Academic Press. 2010. 
 
Şener, N., Apar, D. K. and Özbek, B. A modelling study on milk lactose hydrolysis 
and β-galactosidase stability under sonication. Process Biochemistry. 2006, 4, 1493-
1500.  
 
Senok, A.C., Ismaeel, A.Y. and Botta, G.A. Probiotics: Facts and myths. Clinial 
Microbiology and Infection. 2005, 11, 958-966. 
 
Senthilkumar, S.R., Ashokkumar, B., Raj, K. C. and Gunasekaran, P. Optimization of 
medium composition for alkali-stable xylanase production by Aspergillus fischeri Fxn 
1 in solid-state fermentation using central composite rotary design. Bioresource 
Technology. 2005. 96, 1380-1386. 
 
Sghir, A., Gramet, G., Suau, A., Rochet, V., Pochart, P. and Dore, J. Quantification of 
bacterial groups within human fecal flora by oligo-nucleotide probe hybridization. 
Applied and Environmental Microbiology. 2000, 66, 2263 - 2266.  
 
Shah, N. P. Bifidobaacterium spp.: Applications in fermented milks. In Encyclopedia 
of Dairy Sciences. Ed. by Roginski, H. Elsevier Ltd. 2004, 147-151. 
 
Shah N. P. Functional cultures and health benefits. International Dairy Journal. 2007, 
17, 1262-1277. 
 
Shah, N., Lankaputhra, W.E.V., Britz, M. and Kyle, W.S.A. Survival of Lactobacillus 
acidophilus and Bifidobacterium bifidum in commercial yoghurt during refrigerated 
storage. International Dairy Journal. 1995, 5, 515–521. 
 
183 
Shah, N.P. and Lankaputhra, W.E.V. Improving viability of Lactobacillus acidophilus 
and Bifidobacterium spp. in yogurt. International Dairy Journal. 1997, 7, 349-356. 
 
Shah, N. P. and Lankaputhra, W. E. V. Bifidobacterium spp. morphology and 
physiology. In Encyclopedia of Dairy Sciences. Ed. by Roginski, H. Elsevier Ltd. 2004, 
141-146. 
 
Shimamura, S., Abe, F., Ishibashi, N., Miyakawa, H., Yaeshima, T.A. and Tomita, M. 
Endogenous oxygen uptake and poysaccharide accumulation in Bifidobacterium. 
Agricultural Biology and Chemistry. 1990, 54, 2869-2874. 
 
Shihata, A. and Shah, N. P. Proteolytic profiles of yogurt and probiotic bacteria.  
International Dairy Journal. 2000, 10, 401-408.  
 
Shimada, T., Ohdaira,  E. and Masuzawa, N. Effect of ultrasonic frequency on lactic 
acid fermentation promotion by ultrasonic irradiation. Japanese Journal of Applied 
Physics. 2004, 43, 2831-2832. 
 
Shimizu, K. and Yaeshima, T. Novel lactic acid bacteria. Japanese Patent Application. 
2007, No. 2007-032645. 
 
Shin, H.S., Lee, J.H., Pestka, J.J. and Ustunol, Z. Growth and viability of commercial 
Bifidobacterium spp. in skim milk containing oligosaccharides and inulin. Journal of 
Food Science. 2000, 65, 884–887. 
 
Shin, S.Y. and Park, J.H. Activities of oxidative enzymes related with oxygen 
tolerance in Bifidobacterium sp. Journal of Microbiology and Biotechnology. 1997, 7, 
356-359.  
 
Stanton, C., Ross, R. P., Fitzgerald, G. F. and Sinderen, D. V. Fermented functional 
foods based on probiotics and their biogenic metabolites. Current Opinion in 
Biotechnology. 2005, 16, 198 – 203.  
 
Sultana, K., Godward G., Reynolds N., Arumugaswamy R., Peiris P. and Kailasapathy 
K. Encapsulation of probiotic bacteria with alginate-starch and evaluation of survival 
in simulated gastrointestinal conditions and in yoghurt. International Journal Food 
Microbiology. 2000, 62, 47-55.  
 
Sun W. and Griffiths, M.W. Survival of bifidobacteria in yogurt and simulated gastric 
juice following immobilization in gellan–xanthan beads. International Journal of Food 
Microbiology. 2000, 61, 17-25. 
 
Szymanski, H., Pejcz, J., Jawien, M., Chmielarczyk, A., Strus, M. and Heczko, P.B. 
Treatment of acute infectious diarrhoea in infants and children with a mixture of three 
Lactobacillus rhamnosus strains-a randomized, double-blind, placebo-controlled trial. 
Alimentary Pharmacology & Therapeutics. 2006, 23, 247–253.  
 
Tabatabaie F., & Mortazavi, A. Studying the effects of ultrasound shock on cell wall 
permeability and survival of some lactic acid bacteria in milk. World Applied Sciences 
Journal. 2008, 3, 119- 121. 
184 
 
Talwalkar, A., Kailasapathy, K., Peiris, P., and Arumugaswamy, R. Application of 
RBGR-A simple way for screening of oxygen tolerance in probiotic bacteria. 
International Journal of Food Microbiology. 2001, 71, 245-248.  
 
Talwalkar, A., Kailasapathy, K. Metabolic and biochemical responses of probiotic 
bacteria to oxygen. Journal of Dairy Science.  2003, 8, 2537 – 2546.  
 
Talwalkar A. and Kailasapathy K. A review of oxygen toxicity in probiotic yogurts: 
influence on the survival of probiotic bacteria and protective techniques. 
Comprehensive Reviews in Food Science and Food Safety. 2004a, 3, 117 – 124.  
 
Talwalkar, A. and Kailasapathy, K. Oxidative stress adaptation of probiotic bacteria, 
Milchwissenschaft. 2004b, 59, 140–143.  
 
Tamine A.Y., Marshall V.M. and Robinson R.K. Microbiological and technological 
aspects of milks fermented by bifidobacteria. Journal of Dairy Science. 1995, 62, 151–
87. 
 
Taranto, M.P., Vera, J.L., Hugenholtz, J., De Valdez, G.F. and Sesma, F. Lactobacillus 
reuteri CRL1098 produces cobalamin. The Journal of Bacteriology. 2003, 185, 5643–
5647. 
 
Tejada-Simon, M.V., Ustunol, Z. and Pestka, J.J. Effects of lactic acid bacteria 
ingestion on basal cytokine mRNA and immunoglobulin levels in the mouse. Journal 
of Food Protection. 1999, 62, 287–291.  
 
Terragno, L., Luc, Debru, F., Herve, S. and Teissier, P. Use of gum arabic to improve 
the growth and survival of bifidobacteria. Fr. Demande. 2008, FR  2006-8613  
20061002. 
 
Thakur B.R. and Nelson, P.E. Inactivation of lipoxygenase in whole soy flour 
suspension by ultrasonic cavitation. Nahrung. 1997, 41, 299–301.  
 
Toba, T. A new method for manufacture of lactose-hydrolysed fermented milk. 
Journal of the Science and Food Agriculture. 1990, 52, 403-407. 
 
Tsapatsaris, S. and Kotzekidou, P. Application of central composite design and 
response surface methodology to the fermentation of olive juice by Lactobacillus 
plantarum and Debaryomyces hansenii. International Journal of Food Microbiology. 
2004, 95, 157-168. 
 
Tzortzis G, Goulas A. K, and Gibson G. R. Synthesis of prebiotic 
galactooligosaccharides using whole cells of a novel strain, Bifidobacterium bifidum 
NCIMB 41171. Applied Microbiology and Biotechnology. 2005, 68, 412 - 416.  
 
Tzortzis, G., Goulas, A.K. and Goulas T. Sequence of Bifidobacterium β-galactosidase 
with transgalactosylating activity and uses in producing a mixture of oligosaccharides 
in bifidobacteria  for dairy products. PCT-International Patent Application. 2007, WO 
2007 - GB1081  20070327. 
185 
 
Vasiljevic, T. and Shah, N.P. Probiotics From Metchnikoff to bioactives. International 
Dairy Journal. 2008, 18, 714-728. 
 
Ventura, M., O’Connell-Motherway, M., Leahy, S., Moreno-Munoz, J.A., Fitzgerald, 
G.F., and van Sinderen, D. From bacterial genome to functionality: case bifidobacteria. 
International Journal of Food Microbiology. 2007, 120, 2-12. 
 
Vercet A., Lopez, P. and Burgos, J. Inactivation of heat-resistant lipase and protease 
from Pseudomonas fluorescens by manothermosonication. Journal of Dairy Science. 
1997, 80, 29–36.  
 
Villamiel, M.,Van Hamersveld, E. H. and De Jong, P. Effect of ultrasound processing 
on the quality of dairy products. Milchwissenschaft. 1999, 54, 69-73. 
 
Villamiel M. and de Jong, P. Influence of high-intensity ultrasound and heat treatment 
in continuous flow on fat, proteins and native enzymes of milk. Agricultural and Food 
Chemistry. 2000a, 48, 472–478.  
 
Villamiel, M. and de Jong, P. Inactivation of Pseudomonas fluorescens and 
Streptococcus thermophilus in trypticase soy broth and total bacteria in milk by 
continuous flow  ultrasonic treatment and conventional heating. Journal of food 
Engineering. 2000b, 45, 171 – 179.  
Vinderola, C.G., Costa, G.A., Regenhardt, S. and Reinheimer, J.A. Influence of 
compounds associated with fermented dairy products on the growth of lactic acid 
starter and probiotic bacteria. International Dairy Journal. 2002, 12, 579–589. 
Walter, J., Hertel, C., Tannock, G. W., Lis, C. M., Munro, K, Hannes, W.P. Detection 
of Lactobacillus, Pediococcus, Leuconostoc and Weissela species in human feces by 
using group-specific PCR printers and denaturing gradient gel electrophoresis. Applied 
and Environmental Microbiology. 2001, 67, 2578 – 2585. 
 
Wang, D. and Sakakibara, M. Lactose hydrolysis and β-galactosidase activity in 
sonicated fermentation with Lactobacillus strains. Ultrasonics Sonochemistry. 1997, 4, 
255-261.  
 
Wang, J. W., Zheng, L. P., Wu, J. Y. and Tan, R. X. Involvement of nitric oxide in 
oxidative burst, phenylalanine ammonia-lyase activation and Taxol production induced 
by low-energy ultrasound in Taxus yunnanensis cell suspension cultures. Nitric Oxide. 
2006, 15, 351 – 358. 
 
Wang, Z. J., Wang, H. Y., Li, Y. L, Chu, J., Huang, M. Z., Zhuang, Y. P. and Zhang, S. 
L. Improved vitamin B12 production by step-wise reduction of oxygen uptake rate 
under dissolved oxygen limiting level during fermentation process. Bioresource 
Technology. 2010, 101, 2845-2852. 
 
Weese, J. S. Probiotics, prebiotics, and synbiotics. Journal of Equine Veterinary 
Science. 2002, 22, 357-360.  
 
186 
Wohlrab, Y. and Bockelmann, W. Purification and characterization of a second 
aminopeptidase (Peps-like) from Lactobacillus delbrueckii subsp. bulgaricus B14. 
International Dairy Journal.  1993, 3, 685–701.  
 
Wood, B. E., Aldrich, H. C. and Ingram, L. O. Ultrasound stimulates ethanol 
production during the simultaneous saccharification and fermentation of mixed waste 
office paper. Biotechnology Progress. 1997, 13, 232–237.  
 
Wu, J. and Lin, L. Elicitor-like effects of low energy ultrasound on plant (Panax 
ginseng) cells: induction of plant defense responses and secondary metabolite 
production. Applied Microbiology and Biotechnology. 2002a, 59, 51 – 57.  
 
Wu, J., and Lin, L. Ultrasound-induced stress responses of Panax ginseng cells: 
enzymatic browning and phenolics production. Biotechnology progress. 2002b, 18, 
862 – 866.  
 
Wu, H., Hulbert, G. J. and Mount, J. R. Effects of ultrasound on milk homogenization 
and fermentation with yogurt starter. Innovative Food Science and Emerging 
Technologies.  2000, 1, 211-218. 
 
Wyk, J. V. and Britz, T.J. A rapid HPLC method for the extraction and quantification 
of vitamin B12 in dairy products and cultures of Propionibacterium freudenreichii. 
Dairy Science and Technology. 2010, 90, 509 – 520. 
 
Xiao, Y. M, Wu, Q., Cai, Y. and Lin, X. Ultrasound-accelerated enzymatic synthesis 
of sugar esters in nonaqueous solvent. Carbohydrate Research. 2005, 340, 2097 – 
2103.  
 
Xu, T. J. and Ting, Y. P. Optimization on bioleaching of incinerator fly ash by 
Aspergillus niger – use of central composite design. Enzyme and Microbial 
Technology. 2004, 35, 444-454. 
 
Yang, S., Zhang, H., Li, Y., Qian, J. and Wang, W. The ultrasonic effect on biological 
characteristics of Monascus sp. Enzyme and Microbial Technology. 2005, 37, pp. 139-
144.  
 
Yang, P. Zhao, B., Basir, O.A. and Mittal, G.S. Measures of similarity and detection of 
miniature foreign bodies in packaged foods. Food Research International. 2007, 40, 
740 - 747.  
 
Ye, H., Huang, L.L., Chen, S.D. and Zhong, J.J. Pulsed electric field stimulates plant 
secondary metabolism in suspension cultures of Taxus chinensis. Biotechnology and 
Bioengineering. 2004, 88, 788–795.  
 
Ye, K., Shijo, M., Jin, S. and Shimizu, K. Efficient production of vitamin B12 from 
propionic acid bacteria under periodic variation of dissolved oxygen concentration. 
Journal of Fermentation and Bioengineering. 1996, 82, 484-491.  
 
Ye, S.Y., Qiu, Y. X., Song, X. L. and Luo, S. C. Optimization of process parameters 
for the inactivation of Lactobacillus sporogenes in tomato paste with ultrasound and 
187 
60Co-γ irradiation using response surface methodology. Radiation Physics and 
Chemistry. 2009, 78, 227-233. 
 
Yonezawa, S., Xiao, J. Z., Odamaki, T., Ishida, T., Miyaji, K., Yamada, A., Yaeshima, 
T. and Iwatsuki, K. Improved growth of bifidobacteria by cocultivation with 
Lactococcus lactis subspecies lactis.  Journal of Dairy Science. 2010, 93, 1815-1823. 
 
Yu, S., Gao, D., Li, G., and Zhang, Z. Study on fermented soy sauce with Aspergillus 
oryzae catalyzed by ultrasonic waves. Zhongguo Tiaoweipin. 1999, 11, 18-20. 
 
Zabaneh, M. and Bar R. Ultrasound-enhanced bioprocess II: Dehydrogenation of 
hydrocortisone by Arthrobacter simplex. Biotechnology and Bioengineering. 1991, 37, 
998 1003. 
 
Zhao, J., Davis, L. C. and Verpoorte, R. Elicitor signal transduction leading to 
production of plant secondary metabolites. Biotechnology Advances. 2005, 23, 283 – 
333.   
 
Zheng, L. and Sun, D.W. Innovative applications of power ultrasound during food 






 188  
 APPENDIX 
Table A.1. Coefficient estimates in the regression models selected through variable 
selection: BB-46 strain 
 
y1  Coefficient estimate Standard error t value p value 
bo 1.6077     
b1 -0.0020 0.0004 -5.5273 0.0003 
b2 -0.0338 0.0030 -11.2700 <0.0001 
b3 -0.3550 0.0758 -4.6864 0.0009 
b12 0.00005 0.0002 0.3078 0.7652 
b23 -0.0034 0.0044 -0.7613 0.4659 
b31 -0.00003 0.0005 -0.0573 0.9555 
b11 0.00001 0.0000 0.7342 0.4815 
b22 0.0008 0.0012 0.6835 0.5115 
b33 0.0458 0.0159 2.8740 0.0165 
y2 bo -0.1234    
b1 -0.0028 0.0033 -0.8450 0.4180 
b2 0.0142 0.0023 6.0875 <0.0001 
b3 0.1358 0.0082 16.5920 <0.0001 
b12 -0.0002 0.0001 -1.5295 0.1571 
b23 0.0027 0.0034 0.7998 0.4420 
b31 -0.0001 0.0004 -0.2482 0.8090 
b11 0.0000 0.0000 3.6982 0.0035 
b22 -0.0006 0.0009 -0.6981 0.5010 
b33 -0.0115 0.0125 -0.9256 0.3764 
y3 bo 0.9631    
b1 0.0226 0.0091 2.4851 0.0378 
b2 0.0085 0.0494 0.1716 0.8686 
b3 -0.8928 0.1314 -6.7937 0.0001 
b12 0.0007 0.0002 4.3270 0.0025 
b23 0.0032 0.0084 0.3817 0.7140 
b31 0.0066 0.0010 6.4050 0.0002 
b11 -0.0002 0.0000 -4.8546 0.0012 
b22 -0.0121 0.0021 -5.8409 0.0003 
b33 0.0434 0.0364 1.1900 0.2728 
y4 bo 73.0420    
b1 -0.2736 0.0520 -5.2607 0.0008 
b2 -2.7969 0.7754 -3.6071 0.0069 
b3 -15.2560 2.4298 -6.2787 0.0002 
b12 0.0105 0.0055 1.9281 0.0900 
b23 0.4690 0.1519 3.0884 0.0149 
b31 0.0836 0.0182 4.5847 0.0017 
b11 0.0002 0.0006 0.3506 0.7362 
b22 0.0268 0.0415 0.6469 0.5383 
b33 -0.5032 0.5697 -0.8834 0.4063 
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Table A.2. Coefficient estimates in the regression models selected through variable 
selection: BB-12 strain 
 
y1  Coefficient estimate Standard error t value p value 
bo 2.5281    
b1 -0.0237 0.0069 -3.4466 0.0084 
b2 -0.0365 0.0224 -1.6264 0.1478 
b3 0.0598 0.2083 0.2873 0.7821 
b12 0.0004 0.0001 3.8071 0.0051 
b23 -0.0281 0.0063 -4.4404 0.0021 
b31 0.0021 0.0005 3.8396 0.0049 
b11 0.00006 0.0000 2.1500 0.0635 
b22 -0.0017 0.0006 -2.9596 0.0182 
b33 -0.0311 0.0597 -0.5213 0.6183 
y2 bo -1.4462    
b1 0.0239 0.0039 6.1083 0.0005 
b2 0.0266 0.0116 2.2841 0.0563 
b3 -0.0276 0.1615 -0.1707 0.8700 
b12 -0.0003 0.0001 -3.7504 0.0071 
b23 0.0235 0.0040 5.8640 0.0006 
b31 0.0016 0.0006 2.7340 0.0291 
b11 -0.00008 0.0000 -5.1280 0.0013 
b22 0.0003 0.0005 0.7287 0.4936 
b33 -0.0870 0.0299 -2.9113 0.0226 
y3 bo 7.7628    
b1 -0.0492 0.0037 -13.1590 <0.0001 
b2 -0.1129 0.0375 -3.0072 0.01974 
b3 -3.1617 0.3055 -10.3510 <0.0001 
b12 0.0008 0.0002 3.6425 0.0083 
b23 0.0219 0.0112 1.9501 0.0921 
b31 0.0217 0.0022 9.6775 <0.0001 
b11 -0.00005 0.0000 -1.2000 0.2738 
b22 -0.0038 0.0010 -3.7285 0.0070 
b33 0.0977 0.1077 0.9075 0.3991 
y4 bo 34.9140    
b1 -0.0710 0.0302 -2.3466 0.0408 
b2 -1.6015 0.3564 -4.4938 0.0012 
b3 -8.8449 0.5505 -16.0670 <0.0001 
b12 0.0177 0.0028 6.2834 <0.0001 
b23 -0.0711 0.1481 -0.4805 0.6423 
b31 0.0316 0.0281 1.1254 0.2895 
b11 0.00006 0.0005 0.1070 0.9172 
b22 -0.0145 0.0126 -1.1478 0.2807 
b33 0.3231 1.3184 0.2451 0.8210 
 
 190  
Table A.3. Coefficient estimates in the regression models selected through variable 
selection: B. breve strain 
 
y1  Coefficient estimate Standard error t value p value 
bo 1.4590    
b1 -0.0038 0.0003 -12.0780 <0.0001 
b2 0.0079 0.0123 0.6430 0.5363 
b3 0.0610 0.0268 2.2790 0.0459 
b12 0.0000 0.0001 0.6960 0.5043 
b23 -0.0014 0.0018 -0.7710 0.4605 
b31 0.0002 0.0004 0.5900 0.5699 
b11 0.0000 0.0000 1.0330 0.3288 
b22 -0.0008 0.0001 -14.8050 <0.0001 
b33 -0.0255 0.0059 -4.3450 0.0015 
y2 bo 0.0106    
b1 0.00025 0.000163 1.507800 0.1625 
b2 0.000782 0.001146 0.682790 0.5103 
b3 -0.012960 0.010405 -1.245500 0.2413 
b12 0.000006 0.000006 1.097800 0.2980 
b23 0.001138 0.000203 5.599400 0.0002 
b31 0.000165 0.000037 4.483200 0.0009 
b11 0.000001 0.000001 1.311600 0.2189 
b22 0.000033 0.000038 0.872250 0.4035 
b33 0.006756 0.001174 5.757200 0.0001 
y3 bo 0.9438    
b1 0.0108 0.0004 27.9070 <0.0001 
b2 -0.0085 0.0088 -0.9660 0.3594 
b3 0.0562 0.0384 1.4660 0.1766 
b12 -0.0001 0.0000 -1.6060 0.1428 
b23 -0.0005 0.0013 -0.4180 0.6859 
b31 -0.0051 0.0001 -36.1850 <0.0001 
b11 0.0000 0.0000 -0.9430 0.3701 
b22 -0.0007 0.0000 -18.3790 <0.0001 
b33 0.0960 0.0039 24.8040 <0.0001 
y4 bo -405.9200    
b1 -0.1123 0.2499 -0.4492 0.6652 
b2 -0.1731 0.2213 -0.7818 0.4568 
b3 124.8800 25.8050 4.8393 0.0009  
b12 0.0008 0.0003 2.9961 0.0150 
b23 -0.0245 0.0259 -0.9451 0.3723 
b31 0.0333 0.0089 3.7324 0.0047 
b11 -0.0011 0.0003 -3.6810 0.0051 
b22 -0.0034 0.0062 -0.5470 0.5993 
b33 -9.0782 1.6148 -5.6218 0.0003 
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Table A.4. Coefficient estimates in the regression models selected through variable 
selection: B. infantis   
 
y1  Coefficient estimate Standard error t value p value 
bo 1.1505      
b1 -0.0004 0.0020 -0.1699 0.8689 
b2 0.0046 0.0134 0.3454 0.7377 
b3 0.1961 0.0839 2.3374 0.0415 
b12 -0.0002 0.0000 -7.2330 <0.0001
 
b23 -0.0009 0.0039 -0.2357 0.8189 
b31 -0.0012 0.0003 -3.5736 0.0051 
b11 -0.000001 0.0000 -0.1667 0.8713 
b22 -0.00002 0.0004 -0.0505 0.9608 
b33 -0.0393 0.0179 -2.1960 0.0528 
y2 bo -0.00549    
b1 -0.000040 0.000208 -0.190860 0.8525 
b2 0.000829 0.004038 0.205280 0.8415 
b3 0.005369 0.014567 0.368560 0.7201 
b12 0.000000 0.000011 -0.026696 0.9792 
b23 0.000451 0.000617 0.731220 0.4814 
b31 0.000271 0.000045 6.008700 <0.0001 
b11 0.000000 0.000001 -0.038026 0.97042 
b22 0.000078 0.000018 4.436700 0.0010 
b33 0.007888 0.001522 5.184100 0.0003 
y3 bo 1.5465    
b1 -0.0249 0.0027 -9.2921 <0.0001 
b2 0.0038 0.0125 0.3010 0.7736 
b3 1.1147 0.0458 24.3340 <0.0001 
b12 0.0001 0.0000 2.7749 0.0275 
b23 0.0009 0.0015 0.5917 0.5756 
b31 -0.0065 0.0003 -22.2180 <0.0001 
b11 0.0002 0.0000 13.7960 <0.0001 
b22 -0.0007 0.0002 -3.8387 0.0064 
b33 -0.0794 0.0069 -11.5730 <0.0001 
y4 bo -716.2200    
b1 -1.0648 0.3231 -3.2958 0.0109 
b2 -4.7500 1.6154 -2.9404 0.0187 
b3 219.0800 27.0660 8.0941 <0.0001 
b12 0.0015 0.0017 0.8969 0.3996 
b23 0.5793 0.1953 2.9665 0.0180 
b31 0.1332 0.0391 3.4106 0.0092 
b11 -0.0002 0.0003 -0.7098 0.5008 
b22 0.0002 0.0086 0.0210 0.9838 
b33 -15.7540 1.6393 -9.6104 <0.0001 
 
 
